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Biological timing: from milliseconds to annual cycles 
 
An accurate processing of time information requires an efficient 
clock. Living organisms have developed a multitude of timing 
mechanisms based on oscillations, unidirectional processes or a 
combination of these two, to perceive succession and duration of 
events. Perception of succession applies to the recognition of a 
sequential characteristic of events, their temporal order. Perception of 
duration means that the persistence of an event over time and the 
interval between two events can be identified (Fraisse, 1984; Wittman, 
1999; Mattel and Meck, 2000; Rensing et al., 2001). The time scales 
over which organisms process temporal information and generate 
timed behavior encompass several orders of magnitude (Hinton and 
Meck, 1997; Buonomano and Karmarkar, 2002; Buonomano, 2007, 
Agostino et al., 2011). A microsecond scale is used by sound 
localization mechanisms based on the ability to discriminate between 
very short time intervals needed for sound to travel from one ear to 
the other (Buonomano, 2007). However, conscious detection of 
temporal order is possible when interval separating events exceed 20 
– 40 milliseconds (Steinbuchel, 1995; Pastore and Farrington, 1996). 
This time scale, in a range of milliseconds to seconds and minutes 
(“interval timing”), is critical for sensory processing, motor 
coordination, speech recognition or associative learning (Mattel and 
Meck, 2000; Buonomano, 2007). 
Opposite to these rather fast processes, organisms use also 
longer intervals such as hours or days. Many biological functions occur 
regularly and repeat each day at precisely predictable time. Core body 
temperature of humans living a conventional lifestyle reaches its 
minimum around 5 a.m. (Waterhouse et al., 2005). Blood pressure in 
healthy subjects is reduced about 10 – 20% in the night in comparison 
to its mean daytime value (Synder et al., 1964). Human cortisol and 
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rodent corticosterone, hormones implicated in response to stress, but 
also in metabolic, anti-inflammatory and immunosuppressive 
processes and responses, reach their maximum value just before the 
onset of the period of daily activity: in the early morning in humans 
and just before the dark phase in rats (Atkinson and Waddell, 1997; 
Perreau-Lenz et al., 2004; Chan and Debono, 2010). Cortisol is not an 
exception, a variety of hormones such as melatonin, thyroid-
stimulating hormone (TSH), and prolactin, cycle with a period of 24 h 
(Czeisler et al., 2005; Schechter and Boivin, 2010). These are a few 
examples of many circadian rhythms (a term originated from the Latin 
words circa, meaning “about”, and dies meaning “day”), oscillations of 
biological processes representing the internal notion of time. 
The frequency of oscillations is one of the criteria on which 
rhythmic processes are classified. While the duration of circadian 
rhythms does not deviate significantly from 24 h, the range of ultradian 
(shorter than a day) and infradian (longer than a day, e.g. lunar, tidal, 
annual) periodicities may vary enormously. To illustrate, the period of 
ultradian rhythms may vary from milliseconds to hours, and that from 
infradian rhythms from days to years. For example, the period length 
of gamma oscillations as occurring in neuronal network is 0.01 – 0.03 
sec, while the rapid-eye-movement (REM)/slow-wave sleep cycle in 
humans, both within the ultradian range, is 1.5 h (Achermann and 
Borbély, 1990; Achermann et al., 1993; Fries et al., 2007). Similarly, 
the infradian human menstrual cycle lasts about 28 days, while the 
reproduction cycle of seasonal breeding animals lasts about 12 months 
(Chiazze et al., 1968; Lee and Zucker, 1991; Woodfill et al., 1994). 
Besides the frequency, rhythmic phenomena may also be classified 
according to the biological system in which they are observed: a single 
cell, complex organism or a population, to their origin: endogenous or 
exogenous, and to their function (Aschoff, 1981). 
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Different time mechanisms in the mammalian brain are 
interrelated. The circadian pacemaker has been reported to affect the 
perception of time interval (Poppel and Giedke, 1970). Next, the 
seasonal-encoding mechanisms use the circadian timing system to 
estimate the day length; this is necessary for recognition of different 
seasons of the year (Goldman, 2001; Prendergast et al., 2002). 
 
Circadian timing system: from single-cell oscillators to 
multi-oscillatory machinery 
 
The presence of an internal mechanism providing 
synchronization of physiological and behavioral processes to recurrent 
24 h environmental cycles was obviously advantageous from an 
evolutionary point of view. A circadian timing system, present already 
in phylogenetically early, primitive organisms such as cyanobacteria 
(Synechococcus elongatus), allows the anticipation and adaptation to 
light-dark, temperature, or predators cycles, increasing therefore 
chances of survival in a particular ecological niche (Pittendrigh, 1993; 
Ouyang et al., 1998; Woelfle et al., 2004; Hut and Beersma, 2011). 
The mechanism of circadian oscillations is based on complex molecular 
feedback loops, both positive and negative, regulating transcription of 
rather conservative core clock genes. Cyclic changes in clock genes 
expression and proteins level generate rhythmic physiological output 
(Reppert and Weaver, 2002; Dvornyk et al., 2003; Roenneberg and 
Merrow, 2003; Ko and Takahashi, 2006). 
The circadian clock, a self-sustained mechanism oscillating with 
a period length close to 24 h, needs to be entrained to external 
environmental time to fulfill its role. Entrainment occurs when a stable 
phase-relationship between the internal and external oscillations is 
established, that is when their period lengths are equal (Pittendrigh, 
1981). By an input pathway entraining factors, called “Zeitgebers” (a 
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term originated from the German words Zeit meaning “time” and geben 
meaning “to give”) reach a central oscillator in which a rhythmic signal 
is generated and then transmitted via an output pathway to dependent 
oscillators, and manifests as an overt rhythm (Golombek and 
Rosenstein, 2010). Light is one of the strongest synchronizers for 
biological rhythms among the different Zeitgebers (Pittendrigh, 1960). 
In mammals, photic information perceived by the retina is transmitted 
via the retino-hypothalamic tract (RHT, input pathway) to the central 
circadian pacemaker: the suprachiasmatic nuclei of the hypothalamus 
(the SCN) (Moore and Lenn, 1972; Zordan et al., 2001). The SCN 
generates a rhythmic signal which, by multiple synaptic connections 
and humoral factors, reaches different brain areas (output pathways). 
As a result, rhythmic fluctuations in e.g. core body temperature, sleep-
wake cycle or hormone secretion are observed (Buijs and Kalsbeek, 
2001). The presence of Zeitgebers is not necessary for rhythms 
generation considering the self-sustained character of circadian 
oscillations. Indeed, circadian rhythms persist in constant 
environmental conditions, however, in such a “free-running” state their 
period length deviate slightly from 24 h (Bünning, 1964; Herzog and 
Schwartz, 2002). Other circadian parameters such as amplitude or 
acrophase (the time point at which a rhythm peaks) may be also 
affected. 
The mammalian circadian timing system has a complex, 
hierarchical organization. Multiplicity of entraining factors, classified 
generally as photic and non-photic, requires a variety of input 
pathways (Hannibal and Fahrenkrug, 2006; Morin, 2013). Besides the 
photic input of the SCN from the RHT, the SCN also receives indirect 
input from the intergeniculate leaflet (IGL) of the lateral geniculate 
nucleus of the thalamus and two pretectal nuclei (posterior and olivary) 
(Mikkelsen and Vrang, 1994; Moore and Card, 1994; Meijer and 
Schwartz, 2003). All three structures are innervated by the retina. 
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Information about non-photic Zeitgebers comes from several brain 
structures and regions involved in arousal, sleep-wake regulation, 
feeding, stress responses, reproduction, olfactory, immune and 
autonomic functions (Hastings et al., 1997; Krout et al., 2002). The 
central pacemaker itself has also a complex structure. The SCN 
consists of about 10 000 – 15 000 densely-packed neurons oscillating 
with different frequencies, which all together yields a 24 h rhythm 
(Gillette, 1991; Welsh et al., 1995; Honma et al., 1998). The 
distribution of SCN cell’s phenotype with regard to neurotransmitters 
and direct retinal connections is not uniform in humans and in rodents 
(Hofmann et al., 1996; Dai et al., 1997; Morin and Allen, 2006). 
Besides this central master circadian pacemaker, there are numerous 
peripheral oscillators, both in the brain (e.g. pineal and pituitary gland, 
paraventricular nucleus of the hypothalamus) and in peripheral organs 
such as liver, lungs or skeletal muscles (Yamazaki et al., 2000; Abe et 
al., 2002). These peripheral clocks are in a stable phase-relationship 
with the SCN and the external environment. However, when the 
entrainment is lost or temporally disturbed, the internal 
desynchronization between master and peripheral (dependent) 
oscillators occurs. This phenomenon has been demonstrated by studies 
investigating the effects of phase-shifts in a light-dark cycle resembling 
jet lag or shift work. The amount of time required for full entrainment 
to a new photoperiod is not only species dependent, it also varies 
between different oscillators, however the master pacemaker always 
re-synchronizes as first (Yamazaki et al., 2000; Nagano et al., 2003; 
Lee et al., 2009). 
Lack of internal synchrony is thought to have diverse health 
consequences starting from relatively mild discomfort associated with 
feelings as often reported in jet lag, through serious sleep disturbances 
to depression or a higher risk of cancer (Arendt and Marks, 1982; 
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Schernhammer et al., 2001; Knutsson, 2003; Schernhammer et al., 
2003; Megdal et al., 2005; Blask, 2009). 
 
Melatonin – a hand of the clock 
 
The simplified model of the circadian timing system described 
above assumes a linear relationship between its elements: Zeitgebers, 
input pathways, central oscillator and output pathways. However, 
there is evidence suggesting much more complex relationship between 
the components. Clock-dependent rhythms may give feedback to the 
master pacemaker or affect the input pathways (LaVail, 1980; Pfeffer 
et al., 2012). Also Zeitgebers themselves are able to directly influence 
physiological functions. This phenomenon is called “masking”. As a 
result of masking, the usual shape and/or parameters of a rhythm 
change as a consequence of random or non-random environmental 
stimuli. These alterations persist only for the duration of the stimulus 
while the endogenous components of the rhythm remain unchanged. 
An example of masking is the elevation of body temperature after a 
hot bath, direct effect of light on states of vigilance, or light-induced 
suppression of melatonin synthesis (Borbély et al., 1975; Bronstein et 
al., 1987; Aschoff, 1999). 
The pineal hormone melatonin is an example of a variable 
which, produced and secreted under the control of the central 
pacemaker, is able to affect the action of the central pacemaker itself. 
In mammals, melatonin is synthesized and released from the pineal 
gland into the circulation predominantly during darkness, it encodes 
therefore the length and the phase of the dark period, regardless of 
the ecological type of the animal: diurnal or nocturnal (Vanecek, 1998). 
Melatonin binds with high affinity to G-protein-coupled MT1 and MT2 
melatonin receptors, which are distributed widely in the brain (Weaver 
et al., 1989). There is a high inter-species and inter-structure 
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variability in the distribution of melatonin receptors; however, two 
major brain regions with high presence and expression of these 
receptors were identified: pituitary pars tuberalis and the SCN (Weaver 
et al., 1989; Stankov et al., 1991; Reppert et al., 1994). The rhythmic 
synthesis and secretion of melatonin is one of the direct outputs of the 
central pacemaker, a “hand of the clock”. The melatonin rhythm is 
diminished after an SCN lesion or at exposure to constant bright light, 
as many other circadian rhythms (Perlov et al., 1981; Honma et al., 
1996; Perreau-Lenz et al., 2003; Tapia-Osorio et al., 2013). On the 
other hand, the presence of functional melatonin receptors in the SCN 
makes the master pacemaker susceptible to its action. The hormone 
has been found to decrease the firing rate of SCN neurons, as well as 
to modify neuronal activity of other brain nuclei (Mason and Brooks, 
1988; Naranjo-Rodriguez et al., 1991; Liu et al., 1997). This ability 
implicates that exogenous melatonin, given at a particular time of a 
day, entrains and shifts the clock (Sharkey and Eastman, 2002). The 
free-running activity rhythm in rodents, induced by exposure to 
constant environmental conditions, has been synchronized to the 
timing of the administration of the hormone. The entrainment was 
achieved mostly by advancing the onset of activity towards the 
injection time (Redman et al., 1983; Slotten et al., 1999; Pitrosky et 
al. 1999). Moreover, melatonin was reported to accelerate the speed 
of re-entrainment after the phase shift in the light-dark cycle (Illnerova 
et al., 1989; Golombek and Cardinali, 1993; Sharma et al., 1999; Hirai 
et al., 2005). Because of these chronobiological properties exogenous 
melatonin and its analogues are considered as a potential therapeutic 
treatment for jet lag and diseases in which circadian disturbances are 
present (Srinivasan et al., 2008; Spadoni et al., 2010; Srinivasan et 
al., 2010). 
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Rhythms description 
 
Any rhythmic process can be described by four parameters: 
period, mean level (MESOR), amplitude and acrophase. The period of 
a rhythm is the duration of a full cycle, or in other words, the distance 
from one peak to another. In circadian nomenclature different 
notations for the endogenous period of an organism and the period of 
the Zeitgeber are used: τ and T, respectively. There are several 
methods for the determination of the period starting from a simple 
visual inspection of the actogram (the graphical display of data along 
two time axes) to numerical procedures such as autocorrelation, 
Fourier transform, Enright (chi square) periodogram, and cosinor fit 
(Enright, 1965; Halberg et al., 1967; Refinetti et al., 2007). 
 The mean of the rhythm represents a central value around 
which the oscillation occurs. Although arithmetic mean is commonly 
used for an estimation of a central tendency in statistic, rhythm-
adjusted mean: MESOR, yielded by the cosinor method, is more 
accurate and precise in the analysis of circadian rhythms especially 
when the data points are spaced unequally (Refinetti et al., 2007). 
Amplitude is defined as a one-half of the distance between the 
minimal and maximal value of the periodic function (Morris, 1992). If 
the estimation of the parameter is based on cosine fitting procedure, 
amplitude represents the distance between MESOR and peak or trough 
of the wave (Fernandez et al., 2009). 
Acrophase of the rhythm, a lag of the crest time of the cosine 
curve fitted to the data from a defined reference time point, represents 
the time at which a maximum value of the rhythms occurs. The 
acrophase can be expressed in radians, degrees or hours (Refinetti et 
al., 2007; Fernandez et al., 2009). 
Three of the parameters: MESOR, amplitude and acrophase can 
be computed by means of the cosinor method. The method assumes 
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that cosine curves of a known period can be fitted to the data by means 
of a least squares method as an estimate of the pattern of the 
smoothed rhythm (Halberg et al., 1967). The model can be described 
by the equation: 
 
xi = M + A cos (Θi + φ) + ei 
 
xi – the value of the function at time t, 
M – mesor,  
A – amplitude, 
Θ – angular frequency (the coefficient to translate from hours   
      to degrees), 
φ – acrophase, 
ei – an error term assumed to be independent and normally  
      distributed with mean zero and fixed unknown variance 
 
 
 
Figure 1. Schematic representation of cosinor analysis and circadian 
parameters 
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To compute mesor, amplitude and acrophase, a system of three 
equations can be derived and solved in algebraic form. 
A large advantage of the Cosinor method is that it allows the 
estimation of all parameters (mesor, amplitude and acrophase) at once 
together with confidence intervals. The method is thought to be 
sensitive in detection of rhythmicity even in noisy data (low signal-to-
noise ratio), and superior over others such as Fourier, Enright or Lomb-
Scargle periodograms (Bingham et al., 1993). 
There are two additional parameters used in the description of 
circadian rhythms: waveform, informing about the shape of the 
rhythm, and prominence (robustness) informing about rhythm’s 
strength and endurance. Prominence is represented by the percentage 
of the variance accounted for by the fitted cosine model, which 
corresponds to the coefficient of determination R2 in regression 
analysis (Halberg et al., 1973). The waveform is determined according 
to the Cosinor method by the harmonic content (the amplitude and 
acrophase pairs of all harmonic terms included in the model) to account 
for the non-sinusoidality of the signal. 
 
Circadian rhythms in pathology and disease 
 
Circadian control upon physiological processes makes their 
occurrence predictable and indeed symptoms of some medical 
conditions tend to manifest or worsen during a particular time of a day 
(Smolensky and Peppas, 2007). For example, symptoms of immune-
related conditions such as allergic rhinitis or rheumatoid arthritis 
aggravate usually during the night or upon awaking, both periods of 
time coinciding with high concentration of pro-inflammatory agents 
(Kowanko et al., 1982; Reinberg et al., 1988; Smolensky et al., 1995; 
Petrovsky et al., 1998). Patients suffering from migraine attacks or 
depression may expect worsening of the symptoms in the early 
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morning (Wehr, 1982; Solomon, 1992). During the night, the 
symptoms of biliary colic and attacks of peptic ulcer are more frequent 
(Moore and Halberg, 1987; Rigas et al., 1990) and cardiovascular 
emergencies, e.g. sudden cardiac death, acute myocardial infarction or 
stroke, occur predominantly in the morning (Cohen et al., 1997; Elliot, 
1998; Portaluppi et al., 2012). 
 
Epilepsy: circadian rhythms in the occurrence of 
seizures 
 
Interestingly, opposite to pathologies occurring in the 
cardiovascular system, symptoms of some diseases such as epilepsy 
show a high variability in the timing of their occurrence. A possible 
explanation might be that epilepsy, a neurological disorder 
characterized by recurrent seizures, is not a homogenous disease. It 
has many forms and underlying causes, which in fact may interfere 
differently with the circadian timing system. 
According to the World Health Organization (WHO) 50 million 
people worldwide suffer from epilepsy, 80% of the cases are found in 
developing regions. The incidence of the disease shows a bimodal 
distribution with dominant peaks in childhood and in the elderly and a 
slight gender-preference towards males (Kotsopoulos et al., 2002). 
Considering their etiology, epilepsies may be classified as 
structural/metabolic, genetic and of unknown origin. In the first class, 
termed previously “symptomatic”, the underlying cause of seizure 
development is associated with structural or metabolic condition such 
as head trauma, cerebral tumor or infection. Genetic epilepsies, 
previously “idiopathic”, have a well-defined or presumed genetic 
background with seizures being the core symptoms of the disorder 
(Shorvon, 2010; Berg et al., 2010). 
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Epileptic seizures, clinical manifestation of which may vary from 
general convulsions to brief moments of reduced consciousness 
without any motor signs, result from abnormal excessive or 
synchronous neuronal activity in the brain (Fisher, 2005). In general, 
seizures may be classified as focal, they have their origin in a network 
restricted to one hemisphere (usually to a small area in a particular 
lobe), and generalized, then they have their origin at some point 
within, rapidly engaging bilaterally distributed networks (Berg et al., 
2010). The recent, simplified classification of seizures recommended 
by the International League Against Epilepsy (ILEA) is presented in 
Table 1. 
 
Classification of seizures 
Generalized seizures 
Tonic-clonic (in any combination) 
Absence 
Typical 
Atypical 
Absence with special features 
Myoclonic absence 
Eyelid myoclonia 
Myoclonic 
Myoclonic 
Myoclonic atonic 
Myoclonic tonic 
Clonic 
Tonic 
Atonic 
Focal seizures 
Unknown 
Epileptic spasm 
 
Table 1. ILAE classification of seizures. Berg et al., 2010 
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A vast variety of seizure types, their location and underlying 
mechanisms may contribute to a different circadian pattern of their 
occurrence. A non-uniform distribution of convulsive seizures was first 
described by Gowers (1885), who reported 21% of patients having 
seizures exclusively during the night, 43% during the day, and 37% of 
patients, whose seizures showed no preference for a particular time of 
the day, appearing both during the day as well as during the night. 
These results were then confirmed by Langdon-Down and Brain (1929) 
who classified seizures as diurnal, nocturnal and diffuse. More recent 
studies have revealed that seizures follow a distinct temporal pattern 
depending on the location of the focus. Epileptic activity starting in the 
temporal lobe (temporal lobe epilepsy, TLE) is most pronounced during 
the day, while epileptic activity starting in the frontal (frontal lobe 
epilepsy, FLE) and parietal lobe occurs more frequently during the night 
(Quigg et al., 1998; Quigg and Straume, 2000; Pavlova et al., 2004; 
Durazzo et al., 2008; Hofstra et al., 2009; Karafin et al., 2010; 
Zarowski et al., 2010; Loddenkemper et al., 2011). Another important 
factor contributing to a non-uniform occurrence of seizures across the 
24 h day is the state of vigilance. TLE seizures tend to occur during 
wakefulness, while FLE seizures during sleep. Focal seizures may 
become generalized seizures and this happens more often during sleep. 
Also during sleep (stages I and II of slow-wave sleep), the majority of 
generalized seizures with spike-wave pattern are recorded (Kellaway 
et al., 1980; Halasz, 1991; Bazil and Walczak, 1997; Crespel et al., 
2000; Pavlova et al., 2004; Sinha et al., 2006; Hofstra et al., 2009; 
Ramgopal, 2012). Human studies analyzing the diurnal variation of 
seizures and the relationship between seizures and states of vigilance 
are presented in Table 2. 
The majority of the studies describing the daily rhythms in 
epileptic activity was conducted in medical facilities, with strictly 
controlled environmental conditions providing entrainment. However, 
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to confirm a true circadian nature of a rhythmic process, it is necessary 
to exclude the presence of Zeitgebers. Two studies to date addressed 
the issue, and only one used humans with epilepsy. Pavlova and co-
workers investigated the putative circadian variation of interictal 
epileptiform discharges (IED) in patients subjected to a forced 
desynchrony protocol, a method in which all behaviors are evenly 
scheduled across all circadian phases with environmental conditions 
maintained constant. In this pilot study circadian variation in IED 
independently of sleep-wake states was found, although in a small 
number of patients with a high variability in the phase of IED no 
circadian rhythm could be established (Pavlova et al., 2009). 
The group of Quigg investigated the occurrence of seizures in a 
rat model of TLE. Animals were kept in 12:12 light-dark cycle and then 
transferred to constant darkness. In this condition, a circadian rhythm 
in the occurrence of seizures was preserved and this proved its 
endogenous origin (Quigg et al., 2000). 
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Authors Design N 
(seizures) 
Sleep/wake Diurnal pattern EEG 
Kellaway et al. 
(1980) 
R 19 adult, 
children 
(N/A) 
SWDs more 
frequent in 
SWS than in 
wake and REM  
N/A S 
Martins da Silva 
et al. (1984) 
R 17 adults 
(N/A) 
IEDs more 
frequent 
during SWS 
than in REM 
IEDs peak 23:00 – 
07:00 and 09:30 – 
11:00 
S 
Horita et al. 
(1991) 
R 4 children 
(N/A) 
SWDs most 
frequent 
during SWS 
stage I 
SWDs concentrated in 
the last third of 
nocturnal sleep  
S 
Bazil and 
Walczak (1997) 
R 188 adults 
(1116) 
37% FLE 
sleep, 74% 
TLE wake 
N/A 
 
S 
Crespel et al. 
(1998) 
R 30 adults 
(133) 
61% FLE 
sleep, 89% 
TLE wake 
N/A 
 
S 
Quigg et al. 
(1998) 
R 98 adults 
(1350) 
N/A LTLE, XTLE occur 
randomly, MTLE peak 
at 15:00 
S 
Quigg and 
Straume (2000) 
C 1 (1009) N/A TL seizure peak at 
12:10, PL seizure peak 
at 02:50 
N/A 
Herman et al. 
(2001) 
P 133 adults 
(613) 
57% FLE, 43% 
TLE, 40% 
MTLE, 24% 
NTLE and 13% 
OLE in sleep 
N/A S 
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Minecan et al. 
(2002) 
R 55 adult, 
children 
(117) 
61% in stage 
2, 20% in 
stage 1, 14% 
in stage 3 – 4 
SWS, 5% in 
REM 
N/A S 
Pavlova et al. 
(2004) 
R 26 adults 
(90) 
41% XTLE and 
19% TLE in 
sleep 
TLE peak 15:00 – 
19:00 (50%), XTLE 
peak 19:00 – 23:00 
(47%) 
S 
Sinha et al. 
(2006) 
R 75 adults 
(362) 
Secondary 
generalization 
more 
frequently in 
sleep 
N/A S 
Durazzo et al. 
(2008) 
R 131 adults 
(669) 
N/A MTLE peak 16:00 – 
19:00 and 07:00 – 
10:00, NTLE 16:00  
19:00, FLE and PLE 
04:00 – 07:00, OLE 
16:00 – 19:00 
I 
Hofstra et al. 
(2009 a) 
R 100 adults, 
76 children 
(808) 
Children: 36% 
TLE and 12% 
XTLE in sleep; 
adults: 13% 
TLE and 30% 
XTLE in sleep 
TLE peak 05:00 – 
11:00 (34%) and 
11:00 – 17:00 (34%) 
in children and 11:00 
– 17:00 in adults 
(37%); XTLE peak 
11:00 - 17:00 (40%) 
in children 
S 
Hofstra et al. 
(2009 b) 
R 26 adults, 7 
children 
(450) 
88% MTLE, 
83% NTLE, 
83% PLE in 
wake; 100% 
FLE in sleep 
TLE peak 11:00 – 
17:00, FLE 23:00 – 
05:00, PLE 17:00 – 
23:00 
I 
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Zarowski et al. 
(2010) 
R 100 
children 
(456) 
GE more 
frequent 
during wake, 
focal epilepsy 
during sleep 
GE peak 06:00 – 
12:00, FLE 03:00 – 
06:00 
S 
Karafin et al. 
(2010) 
R 60 adults 
(median 
10/patient) 
N/A MTLE peak 06:00 – 
08:00 and 15:00 – 
17:00 
S 
Loddenkemper 
et al. (2011) 
R 225 
children 
(1008) 
 
GE, TLE more 
frequently 
during wake, 
PLE, FLE MLE 
in sleep, 
GE peak 06:00 – 
12:00, TLE 21:00 – 
09:00, FLE 00:00 - 
06:00, PLE 06:00 – 
09:00, OLE 09:00 – 
12:00 and 15:00 – 
18:00 
S 
Pavlova et al. 
(2012) 
R 44 adults 
(129) 
N/A FLE cluster around 
05:15 – 07:30, TLE 
cluster around 18:45 – 
23:56  
S 
 
Table 2. Studies in humans with epilepsy analyzing the diurnal variation of the 
occurrence of seizures and the relationship between seizures and sleep-wake 
states. Focal seizures restricted to the temporal lobe tend to occur during 
daytime and in wakefulness. Frontal lobe and secondarily generalized seizures 
are more frequent during sleep. Time in 24 hour clock mode. Study design: C 
– case report, P – prospective, R – retrospective. Epilepsy syndromes: FLE – 
frontal lobe epilepsy, MTLE – mesial temporal lobe epilepsy, NTLE – neocortical 
temporal lobe epilepsy, GE – generalized epilepsy, FLE – frontal lobe epilepsy, 
PLE – parietal lobe epilepsy, OLE – occipital lobe epilepsy, TLE – temporal lobe 
epilepsy, XTLE – extra temporal lobe epilepsy. EEG: I – intracranial, S – 
surface. IEDs – interictal epileptiform discharges, SWDs – spike-wave 
discharges, SWS – slow-wave sleep, REM – rapid eye movement sleep, N/A – 
information not available. Modified after Loddenkemper et al., 2011
Childhood absence epilepsy (CAE) 
 
Childhood absence epilepsy (CAE) belongs to a group of genetic, 
generalized epilepsies. A positive family history is present in 14 to 45% 
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of these people and a concordance of 70 – 85% in monozygotic twins 
and 30% in first degree relatives (Berkovic, 1998; Bianchi et al., 1995). 
The genotype of the disease is complex, including autosomal-dominant 
gene(s) mutation(s) determining typical EEG trait and channelopathies 
(Crunelli and Leresche, 2002). CAE is an age-related syndrome with 
onset between 4 and 10, most usually between 5 and 7 years of age, 
and the annual incidence rate of 6.3 – 8.0/100000 (Blom et al., 1978; 
Olsson, 1988; Loiseau et al., 1990). It is characterized by frequent (10 
to hundreds per day) short (about 10 sec.), typical absence seizures 
occurring with severe impairment of consciousness (reduced 
awareness and responsiveness) in otherwise healthy children. 
Clinically, absences manifests as an abrupt decrease of consciousness 
with cessation of ongoing voluntary activity accompanied by eyes 
opening, accelerated breathing and, quite frequently, by automatisms. 
The ictal EEG is characterized by the presence of 2.5 - 4 Hz bilateral, 
generalized, synchronous, symmetrical spike-wave discharges (SWDs) 
of sudden onset and termination (Duncan, 1997). Besides CAE, typical 
absences are the key symptoms in the following epilepsy syndromes 
recognized by the ILAE: juvenile absence epilepsy (JAE), juvenile 
myoclonic epilepsy (JME) and myoclonic absence epilepsy (MEA) 
(Commission, 1981; Panayiotopoulos 2001). Differences in the age of 
onset, the frequency of SWDs and a prognosis are syndrome-related 
(Duncan, 1997). Proper diagnosis and implementation of 
pharmacological treatment ensure 80% of patients becoming seizures-
free. Ethosuximide and sodium valproate are established level A 
medications (efficacious or effective) as an initial monotherapy for 
children with newly diagnosed or untreated absence seizures, 
according to updated ILAE evidence review of antiepileptic drug 
efficacy and effectiveness (Glauser et al., 2013). Medications such as 
carbamazepine, phenytoin, tiagabine or vigabatrin, usually prescribed 
to attenuate convulsive seizures, have opposite effect: precipitating or 
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even aggravating SWDs (Peeters et al., 1988; Coenen et al., 1995; 
Depaulis and van Luijtelaar, 2006; Bouwman et al., 2007; Glauser et 
al., 2013). 
Generalized absence seizures are neurophysiologically and 
pharmacologically unique. The basic underlying mechanism appears 
the involvement of the cortico-thalamo-cortical neuronal network. In 
the course of investigations, two conflicting theories about the source 
of the pathological oscillations emerged. Initial studies implicated the 
thalamus as the pacemaker of seizure activity (centrencephalic and 
thalamic clock theory), while other experimental work delivered 
evidence for the leading role of the cortex (cortical theories) (Futatsugi 
and Riviello Jr., 1998; Meeren et al., 2005; Avoli, 2012). Recent studies 
performed with the use of well characterized and validated genetic 
absence animal models revealed that spike-wave discharges (SWDs), 
the electroencephalographic hallmark of the absences, are generated 
in the deep layers of the somatosensory cortex (perioral area) which 
at the beginning of generalization process, guide the thalamus. After 
this initial period, the cortex and thalamus enter a bidirectional 
oscillatory cross-talk mode (Meeren at al., 2002; Polack et al., 2007; 
Lüttjohann and van Luijtelaar, 2012). Evidence is accumulating that 
also in humans with absence seizures the initiating side of SWDs might 
be cortical as well (Westmijse et al., 2009; van Luijtelaar et al., 2014). 
γ-aminobutyric acid (GABA) and glutamate are the most important 
neurotransmitters involved in the pathophysiology of absence epilepsy 
governing cortico-thalamo-cortical networks. The activity in these 
networks is modulated by cholinergic, dopaminergic and noradrenergic 
neurotransmission (Snead, 1995). 
Absence seizures are strongly related to the level of vigilance. 
The relationship is inversely proportional: the number of SWDs 
increases together with decreasing vigilance. SWDs in patients occur 
predominantly during drowsiness, initial stages (I and II) of slow-wave 
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sleep and during unstable transitional periods (Halasz et al., 2002). 
Active wakefulness and REM sleep, both characterized by high cortical 
desynchronization, are the least probable for the generation of SWDs. 
This relationship and consolidated character of human sleep, restricted 
on average to 8 night hours, may contribute to the circadian 
distribution of absence seizures in patients with SWDs (Kellaway et al., 
1980, Martins da Silva et al., 1984; Horita et al., 1991). 
 
WAG/Rij rats: a well characterized and validated 
genetic animal model of CAE 
 
To be considered as valid, an animal model of human seizures 
or epilepsy should fulfill the following criteria. First, it should have 
sufficient “face validity” which implies similar electroencephalographic, 
behavioral, etiological and pharmacological characteristics to the 
human condition. Second, the model should have “construct validity” 
which means shared theoretical etiology with the disease being 
modeled. Third, having “predictive validity” implies that the model 
should correctly predict treatment effects in patients (Sarkisian, 2001; 
Coenen and van Luijtelaar, 2003). 
Animal models of epilepsy or epileptic seizures may be generally 
divided into two groups: models in which seizures are induced by 
electrical or chemical stimulation (acquired epilepsy), and genetic 
epilepsy models, in which animals either carry spontaneous mutations 
or the mutations are induced by transgenic manipulations and the 
seizures are expressed spontaneously (Löscher, 2002; Löscher, 2011). 
Chemical induction of absence seizures in previously healthy animals 
may be accomplished by systemic or intracerebroventricular injections 
of several classes of compounds such as pentylenetetrazole (PTZ) in 
low doses, penicillin, γ-hydroxybutyrate (GHB), 4,5,6,7-
tetrahydroisoxazolo[4,5,-c ]pyridine-3-ol (THIP) or opiates (Snead, 
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1992; Avoli, 1995; Sarkisian, 2001). Among genetic models murine 
strains are of a particular use. There is a variety of mice strains with a 
well-known mutation restricted to a single gene, encoding usually 
different subunits of calcium channel which results in the epileptic 
phenotype. Lethargic (lh/lh), stargazer (stg/stg), tottering (tg/tg), 
leaner (tgla/tgla) or duky (du/du) mice all exhibit SWDs in the EEG. 
However, apart from the presence of absence seizures, they show 
additional severe pathological symptoms such as ataxia or motor 
disabilities, which make their compatibility with CAE questionable 
(Noebels, 2006). Opposite to single locus mutations and the 
concomitance of neurological abnormalities, spontaneous SWDs in rat 
models: Wistar Albino Glaxo from Rijswijk (WAG/Rij) and Genetic 
Absence Epilepsy Rats from Strasbourg (GAERS), are determined 
polygenetically. Additionally to the mice models, their absence epileptic 
phenotype is not accompanied by neurological impairments. WAG/Rij 
rats and GAERS are full (>30 generations brother x sister mating) 
inbred strains derived from Wistar stocks, sharing similar 
electroencephalographic, behavioral and pharmacological features. 
Both strains were extensively validated in a large series of behavioral, 
electrophysiological and pharmacological experiments and are 
currently world-wide used as the best described and validated genetic 
animal models of human absence epilepsy (Danober et al., 1998; 
Coenen and van Luijtelaar, 2003; Depaulis and van Luijtelaar, 2006). 
Although best described, they are not the only rat strains characterized 
by the presence of spontaneous SWDs in the EEG. Rats, especially of 
inbred albino strains such as Wistar or Fisher 344, but also pigmented 
outbred lines such as Long-Evans or Brown-Norway develop SWDs 
during the process of aging (Inoue et al., 1990; Willoughby and 
Mackenzie, 1992; Pearce et al., 2014). However, much less validation 
studies were done in these latter strains and therefore their predictive 
and constructive validity is questionable. 
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All WAG/Rij rats start showing SWDs in their EEG against a 
normal background activity around 2 – 3 months of age; these SWDs 
increase in number and duration in the course of animals maturation. 
Irrespectively of gender, at 6 months of age each member of the strain 
shows about 16 – 20 SWDs per hour lasting on average 5 sec (Coenen 
and van Luijtelaar, 2003). Importantly, the behavioral manifestations 
of absences in the rats resemble the clinical manifestation as seen in 
people with absence epilepsy. Animals and people become immobile 
during absence seizures, processing of external stimuli and execution 
of voluntary motor tasks are temporarily interrupted, additional mild 
motor signs such as facial myoclonic jerks emerges, in rats this is most 
clearly expressed by twitching of the vibrissae and/or eyes (van 
Luijtelaar and Coenen, 1986; Drinkenburg et al., 1996; Drinkenburg et 
al., 2003). The frequency of SWDs in rat models is between 7 – 11 Hz, 
starting from about 10-11 Hz at the beginning of the discharge and 
lowering slightly towards end (Midzianovskaia et al., 2001; Bosnyakova 
et al., 2007). Although bilateral and generalized, SWDs in WAG/Rij rats 
show a fronto-parietal domination, moreover the spike component is 
more pronounced at the anterior part of the cortex, while the wave has 
a larger amplitude at more posterior locations (Midzianovskaia et al., 
2001; Meeren et al., 2002; Sitnikova and van Luijtelaar, 2007). 
SWDs in WAG/Rij rats occur most frequently during passive 
behavioral states such as light slow-wave sleep and passive 
wakefulness. Unstable, transitional periods between different states of 
vigilance also favor seizure generation, on the contrary, states 
characterized by extreme level of cortical synchrony (deep slow-wave 
sleep) or desynchronization (active wakefulness, REM sleep) are the 
least probable for SWDs to occur. This relationship corresponds well 
with the observation made in patients with absence epilepsy (Kellaway 
et al., 1980; Coenen et al., 1991; Drinkenburg et al., 1991; Halasz et 
al., 2002). The distribution of SWDs across 24 h is not uniform. 
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Absences recur daily in a rhythmic manner with an acrophase at the 
early hours of the dark phase and a minimum at the beginning of the 
light phase of the 12:12 light-dark cycle (van Luijtelaar and Coenen, 
1988). The timing of the minimum of the SWD rhythm coincides with 
the timing of the highest amount of deep slow-wave sleep across the 
sleep-wake cycle of the 24 h day. Since SWDs preferentially do not 
occur during deep slow-wave sleep (Drinkenburg et al., 1991), the 
large presence of deep slow-wave sleep might prevent the occurrence 
of SWDs. Only the number of SWDs shows a circadian distribution, not 
the mean duration of episodes of SWDs. 
Epileptic seizures originate from local imbalances between 
excitation and inhibition. Convulsive epilepsy is associated with 
excessive excitation mediated mainly by glutamate, often in a well 
circumscribed part of the hippocampal circuit. Increased local cortical 
excitation and enhanced GABA-ergic thalamic inhibition seems to be 
the underlying cause of absence seizures. Indeed, not only GABA 
agonists increase the number of SWDs, GABA antagonists exert an 
opposite effect (Peeters et al., 1989; Kaminski et al., 2001). Recent 
work shows that GAERS absence epilepsy is due to an increased tonic 
GABA-ergic inhibition in the ventro-basal complex of the thalamus, 
while in WAG/Rij rats an enhanced local increase in cortical excitability 
has been found (Cope et al., 2009; Crunelli et al., 2011; Lüttjohann et 
al., 2012). 
A hyperfunction of the glutamatergic system has been found to 
facilitate epileptic activity regardless of the type: convulsive versus 
absence epilepsy and receptors involved (Peeters et al., 1990; 
Ramakers et al., 1991; Peeters et al., 1994). However, potentiation of 
two types of metabotropic glutamate receptors, mGlu1 and mGlu5 by 
positive allosteric modulators, has been recently described to attenuate 
absence seizures in WAG/Rij rats (Ngomba et al., 2011; D’Amore et 
al., 2013). 
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Apart from GABA and glutamate, SWDs are also modulated by 
catecholamine neurotransmission. Administration of the non-selective 
dopamine agonist apomorphine was found to reduce the number of 
SWDs, while treatment with the antagonist haloperidol exerted an 
opposite effect (Midzianovskaia et al., 2001). Attenuation of 
noradrenergic transmission by low doses of clonidine, an alpha-2 
noradrenergic receptor agonist, caused an increase in the occurrence 
of absence seizures and altered activity of the cortex and the thalamus 
of WAG/Rij rats (Sitnikova and van Luijtelaar, 2005). Also serotonin, a 
neurotransmitter from the monoamine family, modulates the 
occurrence of absence seizures in a receptor-dependent manner. 
Agonist of 5-HT1A receptor (8-OH-DPAT) increased the number of 
SWDs, agonist of 5-HT2C receptor and antagonist of 5-HT-7 receptor 
decrease SWDs (Filakovszky et al., 1999; Jakus et al., 2003; Graf et 
al., 2004). 
The phenotype of WAG/Rij rats is also characterized by having 
depressive-like characteristics (Sarkisova and van Luijtelaar, 2011). 
Also in humans there is a high comorbidity between epilepsy and 
depression. Dopaminergic and serotonergic systems, more precisely, 
their strain-dependent structural and functional abnormalities are 
thought to contribute to the depressive-like behavior of WAG/Rij rats. 
In a comparison to non-epileptic control strain WAG/Rij rats show clear 
behavioral changes corresponding to key symptoms of human 
depression: anhedonia, despair and helplessness. Anhedonia was 
manifested by a decreased sucrose intake in the sucrose consumption 
test, lower preference for sucrose over tap water in the two bottle 
choice test, and decreased sensitivity to reward have been reported in 
WAG/Rij rats (Sarkisova et al., 2003). In the forced swim test (FST) 
used for assessment of depressive-like behavior (behavioral despair) 
and evaluation of anti-depressive medication efficacy, WAG/Rij rats 
showed a significant increase in immobility score and a decrease in 
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active behavior, interpreted as a helplessness reaction typical of 
humans suffering from depression. Results of the test were 
subsequently reversed by chronic treatment with antidepressant 
medication (Sarkisova et al., 2008) and by drugs that induce 
antiepileptogenesis (Sarkisova et al., 2010; van Luijtelaar et al., 
2013). 
As mentioned, the rhythmic occurrence of SWDs in WAG/Rij rats 
might be related to endogenous cycles, such as sleep-wake and 
hormonal cycles. The most obvious is an inversely proportional 
relationship between SWDs and deep slow-wave sleep across 24 h. The 
acrophase of the SWDs rhythm coincides with the trough of the rhythm 
of deep slow-wave sleep and deprivation of sleep including deep slow-
wave sleep enhances the number of SWDs (Drinkenburg et al., 1995). 
The distribution of SWDs may be also determined by a circadian rhythm 
of free glucocorticoids circulating in the blood and in the brain. The 
highest plasma, brain and also tissue concentration of corticosterone 
in the rat is found 1 – 2 h before the dark phase. In the course of the 
day, the level of corticosterone declines, reaching a trough just before 
the light phase, during which the concentration is building up again 
(Qian et al., 2012). Both exogenously administrated corticosterone, as 
well as the endogenous form of the hormone secreted in response to 
stress, increase the number of SWDs (Schridde and van Luijtelaar, 
2004; Tolmacheva et al., 2012). Glucocorticoids are thought to take 
part in the synchronization process between central and peripheral 
oscillators, therefore, it can’t be excluded that the rhythm of SWDs is 
driven, to some extent by cycling corticosterone. Not only might 
circadian, but also infradian rhythms influence the occurrence of SWDs. 
It has been demonstrated that the ovarian hormone progesterone, 
cycling with a period of 4 days in female WAG/Rij rats, increases the 
number of SWDs during the dark phase of the proestrus period (van 
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Luijtelaar et al., 2001), a phenomenon that has also been found in 
patients (van Luijtelaar et al., 2014). 
 
Aims and outline of the thesis 
 
Considering its etiology, childhood absence epilepsy is classified 
as a genetic type of epilepsy implicating that the onset of the disease 
results from a presence of specific genotype. However, during 
development and once developed, many other factors contribute to the 
occurrence of absence seizures, as found in children with CAE and in 
the rodent models. In general, the character of the factors contributing 
to the fully developed SWDs may be either endogenous or external. A 
bidirectional interaction is also possible: endogenous mechanisms 
might be modified by external influences; exogenous factors may act 
differently depending on the state of an internal environment. 
Rhythmic occurrence of SWDs in WAG/Rij rats, especially its 
day-to-day consistency, suggests a possible involvement of the 
internal time keeping mechanism in the phenomenon observed. The 
nature of this contribution however, has not been fully described (van 
Luijtelaar and Coenen, 1988). When generated endogenously, the 
rhythm of SWDs should persist in an environment without functional 
Zeitgebers. In case SWDs are imposed by the presence of at least one 
of them, circadian distribution of seizures should no longer be detected. 
A light-dark cycle, one of the strongest Zeitgebers in many living 
species, including rats, has a great impact on the internal clock. 
Sudden changes in this cycle: phase shifts, phase reversal or, the most 
extreme: constant conditions or photoperiods that exceed the range of 
entrainment, are known to disturb rhythms and their well-defined 
phase-relationships (Eastman and Rechtschaffen, 1982; Yamazaki et 
al., 2000; Nagano et al., 2003). Internal desynchronization, a result of 
external-internal misalignments, is found to have negative 
37 
consequences for health and well-being (Arendt and Marks, 1982; 
Knutsson, 2003). Symptoms of many medical conditions, also epileptic 
seizures, occur at specific time of a day (Smolensky and Peppas, 2007). 
WAG/Rij rats show enhanced epileptic activity during the dark phase. 
However, it is not clear, whether abrupt changes in the photoperiod 
would affect the distribution of seizures (regardless of the origin of this 
distribution: internal or external). Moreover, it is of potential medical 
significance to evaluate the effect of the phase shift on circadian 
physiology and seizure activity in this particular epileptic model in order 
to propose better hypotheses about the effects in humans. 
Apart from rhythmic alternation of light and darkness, the 
occurrence of seizures is influenced by many other factors, some of 
them, e.g. the sleep-wake cycle, occurring rhythmically as well (van 
Luijtelaar et al., 2001; Tolmacheva et al., 2012). The contribution of a 
momentary state of vigilance is well established: SWDs occur more 
often during passive wakefulness and light slow-wave sleep, while 
active wakefulness, deep slow-wave and REM sleep exert an inhibitory 
effect (Drinkenburg et al., 1991). However, questions about variability 
of this relationship across 24 h, as well as, about its stability in the face 
of different states of the circadian timing system have not been 
investigated before. The distribution of vigilance states across 24 h 
sleep-wake cycle is not uniform. Controlled by the circadian timing 
system, each vigilance rhythm peaks at different time of a day 
(Borbély, 1975; Ibuka and Kawamura, 1975). Interestingly, daily 
rhythmic occurrence of absence seizures in WAG/Rij rats may be 
clearly explained by means of a momentary state of vigilance only 
when deep slow-wave sleep is considered. The maximal number of 
SWDs seen during the dark phase and a minimum of the rhythm seen 
at the beginning of the light phase coincides with the lowest and the 
highest amount of deep slow-wave sleep, respectively. In case of the 
other relationships between SWDs on the one side and the remaining 
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vigilance rhythms on the other such dependencies are rather blurred 
or even opposite. Therefore, SWDs-state of vigilance relationship 
requires detailed analysis across time. 
Chronobiotic (aiming at adjusting the circadian timing system) 
properties of exogenous melatonin and its analogues are well 
recognized. The hormone is reported to entrain free-running circadian 
rhythms in constant conditions, to produce phase shifts and also to 
accelerate re-entrainment after such shifts. Melatonin is often 
recommended as a remedy for the symptoms accompanying jet lag 
(Srinivasan et al., 2008). Besides the circadian timing system, 
exogenous melatonin was found to modulate epileptic activity exerting 
either a convulsive or antiepileptic effect depending on the type of 
seizures (Lapin et al., 1998; Musshoff and Speckmann, 2003; Yildirim 
and Marangoz, 2006). However, studies assessing the action of this 
chronobiotic on absence seizures are scarce. Melatonin given in high 
doses to WAG/Rij rats, entrained to the regular light-dark cycle, was 
found to attenuate SWDs (Kldiashvili et al., 2001). However, the study 
focused on direct action of the compound rather than its chronobiotic 
properties. Therefore, it would be advantageous to evaluate the action 
of melatonin or melatonergic agonists on the rhythm of SWDs in 
WAG/Rij rats in two experimental conditions: during entrainment and 
after the phase shift in the photoperiod resembling jet lag. 
The overall aim of the current thesis is to determine the 
contribution of both types of factors: endogenous and external, to the 
occurrence of absence seizures in WAG/Rij rats. The thesis aims to 
answer the following questions: 
1. What is the relationship between the occurrence of SWDs 
and other internal factors such as the state of vigilance? Is 
this relationship constant across 12:12 light-dark cycle? Is 
the relationship modified by the state of the circadian timing 
system: entrained versus free-running? 
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2. What is the nature of a daily rhythmic occurrence of SWDs? 
Is it endogenous, generated and governed by the circadian 
timing system or is the occurrence of SWDs masked by a 
presence of external factors such as a light-dark cycle? 
3. How does the rhythm of SWDs entrain to the main Zeitgeber 
(light-dark cycle) and how does it respond to serious 
disturbances of the entrainment provided by this particular 
Zeitgeber? 
4. Are external factors with documented chronobiotic 
properties able to influence the occurrence of SWDs and 
sleep-wake states, their rhythmic occurrence during 
entrainment and during re-entrainment? Are they able to 
accelerate the speed of re-entrainment of these rhythms? 
 
Chapter 1 provides introductory information to the issues 
addressed in the thesis. 
In Chapter 2 the relationship between SWDs and states of 
vigilance is investigated. Two approaches were compared: momentary 
and circadian. The former, well-established one, focused on sleep-wake 
states directly preceding the occurrence of SWDs, while the latter was 
based on correlations and cross-correlations calculated over whole 24 
h and also over the light and the dark phase separately. The duration 
of particular sleep-wake states scored on 2 sec epoch basis, grouped 
subsequently into three different bin sizes, was correlated and cross-
correlated with a total time occupied by SWDs to establish temporal 
relationship between these variables across 24 h as well as in the light 
and dark period separately. 
 In Chapter 3 the nature of the daily rhythm of the occurrence 
of absence seizures in WAG/Rij rats is investigated. To establish the 
character of the SWDs rhythm: endogenous or imposed, rats were 
transferred from standard laboratory conditions, in which entrainment 
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was provided by the presence of the 12:12 light-dark cycle, to an 
environment in which a regularly alternating level of illumination was 
replaced by constant dim light. Continuous recordings of the EEG and 
motor activity were made during 10 baseline and the last 10 
experimental days of a 20 days period in constant dim light. During the 
first 10 days in constant dim light only motor activity was monitored to 
assess whether an intrinsic period of investigated rhythms was 
stabilized. The occurrence of SWDs, their duration, coupling with motor 
activity rhythm and sleep-wake states (dependent variables) were 
analyzed and compared between the 10 days with and the last 10 days 
without the presence of Zeitgebers (independent variable). 
Chapters 4 and 5 focus on the entrainment provided by the 
12:12 light-dark cycle and consequences of temporary disturbances in 
the timing of this potent Zeitgeber for the occurrence of absence 
seizures, their duration and coupling with different sleep-wake states. 
In both studies WAG/Rij rats were subjected to an 8 h phase shift in 
the light-dark cycle which was produced by extending the dark phase 
from 12 to 20 h. Re-entrainment and the speed of re-entrainment to 
the new photoperiod was then investigated for the 10 day follow up 
period. Simultaneous and continuous recordings of EEG, EMG and 
motor activity (body movement detected by passive infrared sensor) 
were performed throughout the experiments which lasts 15 and 12 
days in chapter 4 and 5, respectively. In Chapter 4, the process of re-
synchronization was undisturbed while in Chapter 5 the putative effects 
of agomelatine, a potent agonist of melatonin receptors and antagonist 
of serotonin receptors on sleep-wake parameters, SWDs and speed of 
re-entrainment was additionally assessed. The compound was 
administered, in a dose-dependent manner, starting in an acute study, 
followed by the study of its effects in a chronic administration (10 days) 
from the first day after the phase shift and continued throughout the 
study. 
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A general discussion, conclusions and a summary of the thesis 
is presented in Chapter 6. 
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Abstract 
 
The goal of the present study was to investigate how spike-
wave discharges and different sleep-wake states are temporally 
related. Continuous electroencephalographic (EEG) and 
electromyographic (EMG) recordings across 24 h were made in adult 
male WAG/Rij rats kept in a 12:12 light-dark cycle (LD 12:12). Three 
different resolutions of the data: 1 h, 6 min and 0.5 min were used. 
Total time of a particular state of vigilance and total time occupied by 
spike-wave discharges was correlated and cross-correlated over 24 h 
and for the light and dark phase separately. Strong positive correlation 
between spike-wave discharges and active wakefulness, and strong 
negative ones with light and deep slow-wave sleep for 1 h bin size were 
found. Correlations were lower with the increase in resolution. Large 
phase-related differences in the temporal organization of spike-wave 
discharges and sleep-wake states were seen: unidirectional in the light 
and bidirectional in the dark phase. It was thought that this is most 
likely due to the entraining power of the light onset. 
 
Keywords: absence epilepsy, WAG/Rij rats, state of 
vigilance/sleep-wake state, light and dark phase, spike-wave 
discharges, circadian rhythm 
 
1. Introduction 
 
Childhood Absence Epilepsy (CAE) is an epileptic syndrome of 
generalized, nonconvulsive seizures, which are manifested as short 
moments of decreased responsiveness coinciding with 2 – 4 Hz Spike-
Wave Discharges (SWDs) in the EEG (Duncan, 1997; Engel Jr, 2006; 
Niedermeyer, 1972). In WAG/Rij rats, an often used genetic absence 
epilepsy rodent model, 7 – 11 Hz SWDs are considered as the EEG 
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equivalents of absence seizures (Depaulis and van Luijtelaar, 2006; 
Sitnikova and van Luijtelaar, 2007). During seizures animals are 
immobile and unresponsive; pharmacological therapeutics against 
absence epilepsy decrease the number and duration of SWDs (Depaulis 
and van Luijtelaar, 2006). 
Absence seizures in patients occur typically during drowsiness, 
non-rapid-eye movement sleep (non-REM sleep, stages I and II) and 
also around transitions between sleep-wake states (Halasz et al., 
2002). Similarly, in WAG/Rij rats, SWDs are preceded mostly by 
passive wakefulness and light slow-wave sleep. More specifically, 
analysis of short lasting (5 s) EEG epochs directly preceding and 
following SWDs (this is called the momentary approach) has confirmed 
that animals have seizures mostly during unstable, transitional periods 
across the sleep-wake cycle. A highly desynchronized EEG typical for 
active wakefulness or rapid-eye movement sleep (REM), as well as 
highly synchronized one, typical for deep slow-wave sleep, are not a 
favorable temporal context for the occurrence of SWDs (Drinkenburg 
et al., 1991; Lüttjohann et al., 2012). This implies a large negative 
relation between the occurrence of active wakefulness and deep slow-
wave sleep on the one hand and SWDs on the other. 
A 24 h rhythm in the occurrence of SWDs has been detected 
under entrainment to the LD 12:12: absences reach a maximum during 
the dark phase, while they are almost absent during the first few hours 
of the light phase (Smyk et al., 2011; Smyk et al., 2012; van Luijtelaar 
and Coenen, 1988). A 24 h periodicity is also observed for the timing 
of the different states of vigilance, which taken together, constitute the 
sleep-wake cycle (Borbély et al., 1975; Daan et al., 1984). The 
circadian rhythm and momentary factors controlling the occurrence of 
SWDs interact: this is illustrated during the timing of the minimum of 
the rhythm. The beginning of the light phase, when SWDs rarely occur, 
is the period with the highest amount of deep slow-wave sleep 
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(Borbély, 1975; Drinkenburg et al., 1991; Friedman et al., 1979; van 
Luijtelaar and Coenen, 1984). However, active wakefulness, which did 
not precede SWDs when momentary factors were taking into 
consideration, predominates and peaks during the dark period. This 
demonstrates that active wakefulness and SWDs coincide on the 24 h 
scale but dissociate when momentary factors are taking into account. 
The goal of the present study is to (re)investigate the temporal 
relationship between SWDs and the different sleep-wake states across 
the 24 h cycle by means of correlation and cross correlation functions. 
These methods were applied on 24 h EEG data at different resolutions 
(1 h, 6 min and 30 s) which together could capture both: a description 
and temporal organization on a resolution commonly used in circadian 
research and on a much shorter time scale, suited for considering 
momentary factors determining the occurrence of SWD. This was done 
also separately for the light and dark phase. 
 
2. Materials and methods 
 
2.1. Animals 
 
Twelve adult, male WAG/Rij rats (Harlan, the Netherlands) 
weighting 315 g ± 12g (eight months of age) were used. Animals were 
singly-housed in individually ventilated Plexiglas cages (25 x 22 x 18 
cm) in a sound-attenuated room and controlled environmental 
conditions (temperature: 22 ± 2 oC, humidity: 60%, 12:12 light-dark 
cycle, white lights on at 05:00 am off at 17:00 pm, light intensity: ≈ 
100 lux) throughout the experiment as well as during the recovery 
period after the surgery. Standard laboratory chow and tap water were 
available ad libitum. All experimental procedures were approved by the 
animal use and care committee of Janssen Research and Development, 
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Pharmaceutical Companies of Johnson & Johnson and the local ethical 
committee. 
 
2.2. Surgery 
 
Under deep isoflurane anesthesia seven stainless steel fixing 
screws (diameter 1 mm) were inserted bilaterally in the left and right 
hemisphere along the antero-posterior axes in the following 
coordinates: AP +2 mm, L +/– 2 mm; AP -2 mm, L +/-2 mm and AP -
6.6 mm, L +/- 2 mm from Bregma; and referenced to the same ground 
electrode place midline above the cerebellum. The incisor bar was –5 
mm under the center of the ear bar (Paxinos and Watson, 1998). In 
addition, stainless steel wire EMG electrodes were placed in the 
muscles of the neck. Electrodes (stainless steel wire, 7N51465T5TLT, 
51/46 Teflon Bilaney, Germany) were connected to a pin (Future 
Electronics: 0672-2-15-15-30-27-10-0) with a small insert (track pins; 
Dataflex: TRP-1558-0000) and were fit into a 10-hole connector, then 
the whole assembly was fixed with dental cement to the cranium. Rats 
were allowed to recover for 10 days after surgery. 
 
2.3. EEG and EMG recordings 
 
Rats, while staying in their home cages, were placed in the 
sound-attenuated, recording boxes and connected by a cable to 
rotating swivels, allowing free movement during recording procedures. 
Rats were allowed to habituate to the recording set-up for 24 h 
preceding the experiment. Continuous EEG and EMG signals were 
acquired at a 2 kHz sample rate with an input range of +/- 500 mV 
through a Biosemi ActiveTwo system (Biosemi, Amsterdam, the 
Netherlands) referenced to the CMS-DRL ground (common mode 
reference for online data acquisition and impedance measures, which 
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is a feedback loop driving the average potential across the montage 
close to the amplifier zero). The signals were amplified, band-pass 
filtered between 1 and 100 Hz, and digitized with 24 bit resolution. 
 
2.4. Experimental design 
 
Data used in the present study were from a larger study in which 
the putative action of agomelatine, a newly introduced antidepressant 
agent with chronobiological properties, on SWDs and sleep-wake 
states, was investigated (Chapter 5). Twenty four hours EEG and EMG 
recordings were performed during 3 consecutive days. On the first day, 
animals received a peri oral (p.o.) injection of saline 1 hour before the 
onset of darkness. Only data from the first day (24 h of EEG and EMG 
recordings in LD 12:12 with p.o. saline injection 1 h before the onset 
of darkness) were analyzed here. 
 
2.5. Data analysis 
 
5 vigilance states: active wakefulness, passive wakefulness, 
light and deep slow-wave sleep, REM sleep, as well as a number of 
transitions between them, were identified automatically for 2 s epochs 
based on EEG, EMG and body movements (passive infrared, PIR, 
detection) following validated criteria (Ahnaou and Drinkenburg, 
2011). 
The occurrence and duration of SWDs across 24 h was scored 
automatically based on the EEG signal from a frontal electrode 
according to well-established criteria, next they were verified visually 
(Ovchinnikov et al., 2010; van Luijtelaar and Coenen, 1986). 
Data from 24 h: time spent in a particular state of vigilance 
(expressed in s) and total duration of SWDs (also expressed in s) were 
subsequently analyzed with 3 different bin sizes: 1 h, as is commonly 
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done in chronobiology, 6 min and 30 s, allowing a sufficient resolution 
considering the duration of the sleep cycle, non-REM and REM duration 
and the clustering of SWDs in a minute range in WAG/Rij rats 
(Midzianovskaya et al., 2006; van Luijtelaar and Bikbaev, 2007). 
Pearson’s correlations and cross-correlations were calculated to 
estimate relationships between total duration of SWDs on the one side, 
and time spent in a particular sleep-wake state and transitions between 
different states of vigilance on the other across the 24 h period for each 
individual subject. Cross-correlations for 1 h resolution (bin size) of the 
data were calculated for 24 time lags, while for 6 min and 0.5 min 
resolutions of 60 time lags were analyzed. These calculations were 
made for the 24 h data, as well as for the 12 h light and 12 h dark 
phase, respectively. Autocorrelation and spectral density (single 
spectrum Fourier analysis) of individual data of total duration of SWDs 
and sleep-wake states in the light and dark period separately 
(resolution of the data: 6 min) were used to analyze the temporal 
organization and rhythmicity of SWDs and sleep-wake states 
separately. 
 
2.6. Statistical analysis 
 
The statistical analyses were done with Statistica (StatSoft Inc., 
Tulsa, Oklahoma, USA). Pearson’s correlation coefficients were used to 
correlate across time (hours) the relationships between the various 
vigilance states and SWDs (R, p < 0.05) and the mean and SEM of the 
correlation coefficients across 12 animals were calculated, and 
confidence limits (> than 2 times their respective standard errors) were 
used, the differences between light and dark were tested with Student 
t-test, p < 0.05. 
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3. Results 
 
3.1. Pearson’s correlations for 24 hours 
 
The distribution of the sleep-wake states and SWDs over the 24 
h period in the 1 h resolution bin size is presented in Figure 1 A. The 
rhythms of active wakefulness and SWDs were positively correlated 
over the 24 h period (R = 0.75 ± 0.04, p < 0.05), and those of deep 
and light slow wave sleep and SWDs were negatively correlated over 
time (R = -0.70 ± 0.05, p < 0.05 and R = -0.55 ± 0.05, p < 0.05, 
respectively: Fig. 1 C). Pearson’s correlation coefficients became small 
and insignificant for the 6 and 0.5 min bins. The total time of SWDs 
was positively correlated with transitions from active to passive 
wakefulness and from passive to active wakefulness (R = 0.59 ± 0.10, 
p < 0.05 and R = 0.59 ± 0.10, p < 0.05, respectively), and negatively 
correlated with transitions from light to deep slow-wave sleep and from 
deep to light slow-wave sleep (R = -0.63 ± 0.07, p < 0.05 and R = - 
0.62 ± 0.07, p < 0.05, respectively; a 24 h plot of the number of 
transitions and SWDs is presented in Figure 1 B). The decrease of the 
bin size from 1h to 6 and 0.5 min was accompanied with a decrease of 
the values of Pearson’s correlation coefficients, which became 
insignificant. 
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Figure 1. A) Mean of total time of sleep-wake states and total time of SWDs 
across 24 h in a resolution of 1 h (upper graph) and 6 min (lower graph) (n = 
12). AW – orange line – active wakefulness, PW – red line - passive 
wakefulness, SWS L – light green line - light slow-wave sleep, SWS D – dark 
green line - deep slow-wave sleep, REM – blue line - REM sleep. The dark phase 
of the LD 12:12 is marked by shaded background. B) Mean of the number of 
transitions between sleep-wake states across 24 h in a resolution of 1 h. AW – 
PW – transitions from active to passive wakefulness, PW – AW – transitions 
from passive to active wakefulness, SWS L – SWS D – transitions from light to 
deep slow-wave sleep, SWS D – SWS L – transitions from deep to light slow-
wave sleep. The dark phase of the LD 12:12 is marked by grey rectangle. C) 
Pearson’s correlation coefficients (mean ± SEM) obtained for the total time of 
sleep-wake states and the total time of SWDs for 1 h, 6 and 0.5 min resolution 
of the data. * p < 0.05 according to the critical value table for Pearson’s 
correlation coefficients 
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3.2. Cross-correlations for 24 hours 
 
Significant cross-correlations were found between SWDs on the 
one side and active wakefulness, light and deep slow-wave sleep on 
the other for the 1 h resolution data (Figure 2 A). The occurrence of 
the maximum at lag 0 for active wakefulness demonstrates the co-
occurrence of active wakefulness with SWDs. The negative value of the 
maximum at lag 0 for deep slow-wave sleep suggests that SWDs and 
deep slow-wave sleep do not co-occur. The highest cross-correlation 
coefficient for light slow-wave sleep, seen at lag -2 (-4 to -1), suggests 
that the duration of SWDs may predict the duration of light slow-wave 
sleep in the consecutive 1 to 4 hours. SWDs and sleep-wake states 
were best cross-correlated at positive time lag 1 for the 6 min 
resolution of the data; only for REM sleep none of the cross-correlation 
coefficients exceeded the confidence limits (Figure 2 B). Apart from 
time lag 1, small significant cross-correlations were also observed at 
other positive, as well as negative time lags. This suggests a 
bidirectional relation between SWDs and these vigilance states. Not 
only may the duration of particular sleep-wake states predict a higher 
probability of an increase of the time occupied by SWDs, but also the 
time occupied by SWDs influences the amount of vigilance states in the 
consecutive minutes. Data are presented in Figure 2 B. 
Significant cross-correlation coefficients between SWDs and 
sleep-wake states expressed in 0.5 min resolution were seen in all 
states predominantly with positive time lags (Figure 2 C). REM sleep 
was an exception: it was significantly cross-correlated with SWDs 
almost only at negative time lags. Some positive cross-correlation 
coefficients were observed for active wakefulness and passive 
wakefulness and lower cross-correlations and less time lags for passive 
wakefulness, negative for light and deep slow-wave sleep and REM 
sleep. Two features of cross-correlation coefficients in the 0.5 min 
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resolution of the data are striking. First, they were relatively small. 
Second, there was no single, sharp peak in a range of significant cross-
correlation coefficients. Instead, there was a large number (up to 50 - 
60, 25 – 30 min) of significant time lags, which, together with their 
small values suggest that the strength of the temporal relationship 
between SWDs and these states is small, stable and that the 
occurrence of SWDs is determined by the vigilance states over a period 
of 25 to 30 min. 
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Figure 2. Cross-correlations of total time of sleep-wake states and total time 
of SWDs for 1 h (A), 6 min (B) and 0.5 min resolution of the data (C) (n = 12). 
AW – orange line - active wakefulness, PW – red line - passive wakefulness, 
SWS L – light green line - light slow-wave sleep, SWS D – dark green line - 
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deep slow-wave sleep, REM – blue line - REM sleep. Cross-correlation 
coefficients are given in mean ± SEM. The time lag 0 is marked by the black 
dashed line, confidence limits (> than 2 times respective standard errors) in 
red dashed line 
 
3.3. Pearson’s correlation for the dark and the light phase 
 
The strength of the temporal relationship between SWDs and 
sleep-wake states, as expressed by the correlation coefficients, was 
almost always stronger in the light than in the dark phase, 
irrespectively of the bin size. Correlation coefficients for SWDs and 
active wakefulness in 1 h and 6 min resolution were both positive and 
larger in the light than in the dark phase for 1 h (0.64 ± 0.04 vs. 0.40 
± 0.07, p < 0.05) and for the 6 min bin size (0.30 ± 0.09 vs. 0.05 ± 
0.08, p < 0.05). Also in the 0.5 min resolution stronger temporal 
relationship was found for the light than for the dark phase (-0.13 ± 
0.01 vs. 0.06 ± 0.01, p < 0.05). 
Similar differences between light and dark were found for the 
relationship between SWDs and passive wakefulness, again 
irrespective of bin size (all p’s < 0.05) and as well as between SWDs 
and deep slow wave sleep. Deep slow-wave sleep was always 
negatively correlated with SWDs. This correlation coefficient was also 
always higher in the light than in the dark phase (-0.69 ± 0.08 vs -
0.39 ± 0.19, p < 0.05 for 1 h; -0.33 ± 0.04 vs 0.10 ± 0.11, p < 0.05 
for 6 min and - 0.14 ± 0.01 vs. -0.02 ± 0.01, p < 0.05 for 0.5 min 
resolution of the data). The correlation between SWDs and REM sleep 
was higher and negative in the dark and positive and lower in the light 
phase irrespective of bin size, however, none of the correlation 
coefficients reached significance. 
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3.4. Cross-correlations during the dark and the light 
phase 
 
The 1 h resolution of the data showed clear peaks for cross-
correlations of SWDs with active wakefulness, deep slow-wave sleep 
and REM sleep at the time lag 0 in the dark period, nonetheless they 
did not exceed confidence limits (Figure 3 A). In contrast, sharp peaks 
at the time lag 0 for active wakefulness, deep slow-wave sleep and 
passive wakefulness were seen in the light phase, these for active 
wakefulness and deep slow wave sleep were significant (Figure 3 B). 
Clear light-dark related differences were also seen in the other two bin 
sizes. The direction of cross-correlations in the light phase for 6 and 
0.5 min resolutions (Figure 4 A and B, respectively) was the same as 
obtained for 1h: positive for active and passive wakefulness, negative 
for light and deep slow-wave sleep. However, in the dark phase, next 
to being significant at the same lag and in the same direction as those 
observed for the light phase, an additional peak(s) with significant 
cross-correlations for active wakefulness, light and deep slow-wave 
sleep emerged. These additional peaks were observed at negative time 
lag -1 (cross-correlation’s value -0.2 ± 0.06 for active wakefulness, 
0.28 ± 0.05 for light slow-wave sleep and 0.21 ± 0.08 for deep slow-
wave sleep in 6 min resolution of the data) and these cross-correlations 
were negative. In the highest resolution of the data (0.5 min) these 
additional peaks were again observed in the dark phase. However, 
these peaks were not sharp. Instead, more than one cross-correlation 
coefficient exceeded confidence limits, and their values were smaller in 
comparison to 6 min resolution. 
Apart from a characteristic decrease in the value of cross-
correlation coefficients across the data resolution, which might suggest 
that the strength of the relationship between SWDs and sleep wake 
states becomes smaller with a smaller bin size, clear differences 
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between phases were noticed. In the light phase, behavior of particular 
sleep-wake state might be seen as a predictor of the occurrence of 
SWDs. Presence of additional significant cross-correlations at negative 
time lags in the dark phase suggests that the relationship between 
SWDs and vigilance states in this phase is bidirectional. Not only can 
sleep-wake states predict the probability of the occurrence of SWDs 
but also the occurrence of SWDs may predict the probability of the 
occurrence of consecutive sleep-wake states. 
 
 
 
Figure 3. Cross-correlations of total time of sleep-wake states and total time 
of SWDs for 1 h resolution of the data in the dark (A) and the light phase (B) 
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(n = 12). AW – orange line – active wakefulness, PW – red line - passive 
wakefulness, SWS L – light green line - light slow-wave sleep, SWS D – dark 
green line - deep slow-wave sleep, REM – blue line - REM sleep. Cross-
correlation coefficients are given in mean and SEM. The time lag 0 is marked 
by the black dashed line, confidence limits (> than 2 times respective standard 
errors) in red dashed line 
 
3.5. Autocorrelations and spectral density for the dark 
and the light phase 
 
Clear light-dark differences were found for both autocorrelation 
and spectral density functions. Significant autocorrelation coefficients 
were found mainly for the first (SWDs and passive wakefulness), first 
and second (light slow-wave sleep) and 1st to 5th time lags (deep slow-
wave sleep) in the light phase, while during the dark phase 
autocorrelations were either insignificant (SWDs, passive wakefulness) 
or restricted to the first time lag (light and deep slow-wave sleep). 
There were no differences between the dark and the light phase for 
active wakefulness and REM sleep. In general, higher spectral density, 
for practically all periods, was observed in the dark phase for SWDs, 
active wakefulness, and REM sleep. Time series of SWDs were 
characterized by high spectral density in a range of short periodicities 
(12 to 42 min) with two highest peaks at 42 min and also in 6 h in the 
dark phase. In the light phase, spectral density was lower, with 
maxima at 1.5 and 2.4 h. Similarly, active wakefulness showed higher 
spectral density in the dark phase with three dominant peaks at 48 
min, 1 h and 1.5 h, while in the light phase spectral density was lower, 
peaking at 42 min, 1.2 and 1.7 h. Dominant periodicities in REM sleep 
in the dark phase were: 48 min, 1.5 and 4 h; in the light phase: 24 
min, 54 min and 1.7 h. Spectral density in the dark phase was found 
to be higher in comparison to the light phase. Contrary to SWDs and 
sleep-wake states mentioned above, passive wakefulness, light and 
deep slow-wave sleep showed greater values of spectral density in the 
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light phase. The occurrence of passive wakefulness in the dark phase 
was characterized by many short periodicities within a range of 12 min 
to 1.3 h with a low spectral density in comparison to the light phase 
with one dominant peak at 1.7 h. Similarly, light slow-wave sleep 
showed higher spectral density in the light phase (dominant peaks: 
1.2; 1.7 and 6 h), in the dark phase those peaks were shifted towards 
shorter periodicities, implicating higher frequencies. The occurrence of 
deep slow-wave sleep in the dark period was dominated by three 
periodicities: 48 min, 1 and 1.3 h. In the light phase, apart from greater 
values of spectral density, a shift in maximal value (1.7 h and 6 h) was 
observed. An example of autocorrelation and spectral density functions 
of SWDs and deep slow-wave sleep of a single animal in the dark and 
light period is presented in Figure 5. 
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Figure 4. Cross-correlations of total time of sleep-wake states and total time 
of SWDs in the light and the dark phase for 6 min (A) and 0.5 min (B) resolution 
of the data (n = 12). AW – orange line - active wakefulness, PW – red line - 
passive wakefulness, SWS L – light green line - light slow-wave sleep, SWS D 
– dark green line - deep slow-wave sleep, REM – blue line - REM sleep. Cross-
correlation coefficients are given in mean and SEM. The time lag 0 is marked 
by the black dashed line, confidence limits (> than 2 times respective standard 
errors) in red dashed line 
 
 
 
Figure 5. An example of autocorrelation and spectral density functions of 
SWDs (A and C, respectively) and deep slow-wave sleep (B and D, 
respectively) in the light and the dark phase for 6 min resolution of the data of 
a single subject. Confidence limits (> than 2 times respective standard errors) 
for the autocorrelations are marked by the red dashed lines 
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4. Discussion 
 
The temporal relationship between SWDs and sleep-wake states 
was investigated by means of correlation and cross-correlation 
functions applied across the 24 h period with different resolutions. 
Firstly, strong correlations were found between the total time of SWDs 
and active wakefulness, and deep slow-wave sleep for the 1 h 
resolution data. Secondly, detailed cross-correlation analysis of higher 
resolutions revealed that SWDs and sleep-wake states predict each 
other’s occurrence. Thirdly, the strength of the temporal relationship 
between SWDs and sleep-wake states was different between the light 
and the dark phase. 
A relationship between the occurrence of absence seizures and 
vigilance states is commonly investigated by means of the momentary 
approach, the identification of sleep-wake state directly preceding 
SWDs (Drinkenburg et al., 1991; Lannes et al. 1988). Based on 
previously established relationships (Drinkenburg et al., 1991), one 
might predict that the direction of both correlations: active wakefulness 
- SWDs and deep slow-wave sleep – SWDs, should be negative. 
However, active wakefulness appeared to be strongly and positively 
correlated with SWDs at the 1 h bin, this means that both functions co-
occur over time. Although a bin length of 1 h is a relatively large time 
scale in a view of the dynamics of rat sleep-wake organization, it 
reveals a close relationship between SWDs and active wakefulness. 
Their highly daily rhythmic occurrence of active wakefulness/motor 
activity and absence seizures suggest an influence of the circadian 
timing system (Ibuka et al., 1975; Smyk et al., 2011; Stephan and 
Zucker, 1972). Under LD 12:12, the shape of these rhythms is similar, 
as could be seen in Fig. 1. Both functions dominate during the dark 
phase, while their minimal level is seen during the first few hours of 
the light phase (Smyk et al., 2011, Smyk et al., 2012; van Luijtelaar 
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and Coenen, 1988). The rhythm of slow-wave sleep is a mirror 
reflection of the activity rhythm and SWDs: low level during the dark 
phase and a sharp peak at the beginning of the light phase (Sei et al., 
1997). This may be the reason why, if analyzed in 1 h resolution, high 
negative correlations were observed. Similar high correlations between 
SWDs on the one side and deep slow-wave sleep and active 
wakefulness (positive) were also seen in a 12 h sleep deprivation study 
during the light period in WAG/Rij rats (Drinkenburg et al., 1995). 
Data, in 2 h bins, showed that during sleep deprivation bins with the 
highest amount of wakefulness and, with the lowest amount of deep 
slow-wave sleep, were at the same times the bins with the highest 
number of SWDs. During the recovery period, characterized by a 
rebound of deep slow-wave sleep, bins with the highest amount of this 
type of sleep were bins with the lowest number of SWDs (Drinkenburg 
et al., 1995). The intimate co-occurrence between active wakefulness 
and SWDs as found in our present study might be due to the polyphasic 
character of the rat sleep and the short time lag between a period of 
active wakefulness, the transition to passive wakefulness and a drowsy 
state. The latter is the state at which SWDs are most prevalent. It is 
therefore also expected that changes in cortical excitability associated 
with the rhythm of active wakefulness might shape the rhythm of SWDs 
and be responsible for a close relationship between these two. 
Although the description of the temporal relationship of SWDs 
and sleep-wake states in 1 h bins is suited for the study of slow 
processes, it is quite long when considering the duration of SWDs or 
the duration of the sleep-wake cycle of the rat (Coenen and van 
Luijtelaar, 2003; Trachsel et al., 1991; van Luijtelaar and Bikbaev, 
2007). In 6 min resolution, all states, except REM sleep, showed the 
highest cross-correlation coefficients at positive time lag 1, which 
means that the total time of a particular state in this bin might serve 
as a significant predictor of the time of SWDs in the following 6 min 
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epoch. Both active and passive wakefulness states, were positively 
cross-correlated with SWDs suggesting that their high amount will be 
followed by a relatively long total duration of SWDs, while negative 
cross-correlations between SWD with light and deep slow-wave sleep 
suggests the opposite. Interestingly, there was no sharp, dominant 
peak in cross-correlation coefficients with a resolution of 0.5 min, 
instead many cross-correlations were outside the confidence limits, 
indicating that the temporal relationship between SWDs on the one 
side and active wakefulness, light and deep slow wave sleep on the 
other is determined by their occurrence in 40 to 60 30-s epochs. 
Similarly as for 6 min resolution, both wakefulness states were cross-
correlated positively, both slow-wave sleep states negatively. 
Interestingly, small significant cross-correlation coefficients were 
additionally found for negative, more distant time lags suggesting an 
influence of SWDs themselves on the amount of sleep-wake states. 
Indeed, a shorter sleep cycle has been found in symptomatic WAG/Rij 
rats compared to age matched non-epileptic controls at the end of the 
light period suggesting a circadian vulnerability for mainly slow-wave 
sleep to be interrupted, in addition, the epileptic strain had shorter REM 
sleep episodes (Gandolfo et al., 1990; van Luijtelaar and Bikbaev, 
2007). Clinical and experimental data yield also evidence for a 
reciprocal relationship between sleep and epilepsy. Not only may 
different sleep states alert the occurrence of seizures, but also seizures 
themselves disrupt the organization of the sleep-wake cycle (Baretto 
et al., 2002; Bazil et al., 2000; Maganti et al., 2005; Yi et al., 2012). 
The third main finding of the present study was a different 
strength of correlation and the temporal relationship between SWDs 
and vigilance states in the dark and light part of the 24 h day. Pearson’s 
correlation coefficients were higher in the light than in the dark phase 
for wakefulness (active and passive) and deep slow-wave sleep, 
irrespective of the resolutions. Also autocorrelation coefficients of 
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SWDs, passive wakefulness and slow-wave sleep states were higher or 
sometimes significant only in the light period. There were also 
noticeable differences between the light and dark period in spectral 
density, for some states the peaks were higher in the light than in the 
dark phase (passive wakefulness, light slow-wave sleep, deep slow-
wave sleep), for others it was reversed (SWDs, active wakefulness and 
REM sleep). Although there are clear differences in the percentage of 
time of sleep-wake states and in SWDs between light and dark, the 
amount of a certain sleep related variable does not determine the 
amplitude of the spectral density functions. Therefore, there must be 
different or additional mechanisms responsible for the differences in 
temporal organization between light and dark phase. 
In rats entrained to LD 12:12, 24 h rhythmicity in sleep-wake 
states is strong. However, in the absence of circadian influences, it is 
dominated by ultradian periodicities (Eastman et al., 1984; Ibuka et 
al., 1977). Stephenson et al. (2012) revealed that the period of an 
ultradian rhythm in wake, slow-wave and REM sleep in rats kept in 
12:12 photoperiod varies randomly across a day within a range of 3 to 
6 h. A phase-related difference was noticed: there was a more 
prominent rhythm during the light than during the dark phase. This 
was explained by the authors by a progressive desynchronization of 
ultradian oscillations throughout the circadian cycle (Stephenson et al., 
2012). Our autocorrelation data also suggest that the occurrence of 
SWDs and almost all sleep-wake states have a stronger temporal 
control and that these temporal relationships are more stable during 
the light period compared to the dark period. Interestingly, higher 
spectral density functions that implies stronger rhythms were found in 
the dark period. The concept of the light onset entraining circadian 
timing system, that is gradually desynchronizing during the latter hours 
of the light phase and the subsequent dark period and giving more and 
more room across the evolving time for ultradian rhythms of sleep-
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wake states to develop, might also serve as an explanation for the 
results obtained in the dark period: weaker and bidirectional temporal 
relationships between SWDs and sleep-wake states  and more room 
for larger independent ultradian rhythms. It can be hypothesized that, 
if the presence of light at the circadian time 0 (CT 0) entrains two (or 
more) rhythms with different intrinsic period length each day to 24 h, 
then the dark phase would be the period during which the differences 
in temporal relationship between them will be most pronounced. 
The present study has some limitations. A major one is the 
arbitrary choice of time frames for analysis of temporal relationships. 
The number and strength of correlations and cross-correlations might 
depend on the bin size. However, preliminary analysis of the results 
included also 0.5 h and 10 min bins. The same tendencies were 
observed: an increase in data resolution was accompanied by a 
decrease of a value of coefficients. Another limitation might be the 
length of an epoch, based on which sleep-wake states were scored by 
the automated system. The program used 2 s epochs, different length 
e.g. 15 s might yield different results. On the other hand, the length of 
the smallest bin size in a final analysis was 30 s. 
The goal of the study was to investigate the temporal 
relationship between absence seizures and states of vigilance. We 
demonstrated that the temporal relation of SWDs with the different 
sleep-wake states depend on the bin size chosen. 1 h resolution of the 
data, typical for circadian research, gives opposite results as 30-s 
resolution but this regards only active wakefulness. The relationship 
between SWDs and deep slow-wave sleep is always negative, 
irrespective of the resolution. This suggests that deep slow wave sleep 
is a reliable factor determining the (non-)occurrence of absence 
seizures. The present study revealed also clear phase related 
differences in temporal relationship between variables investigated and 
their different organization in time and frequency domain. The light 
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phase of 12:12 photoperiod appeared to be the time during which 
stronger temporal relationship between SWDs and sleep-wake states 
took place. It is also the phase of higher stability of SWDs and vigilance 
states over time. The dark phase, however, is a period during which 
the relationship between absence seizures and sleep-wake states was 
weaker and bidirectional. The occurrence of SWDs and active 
wakefulness in that phase was dominated by many strong rhythmic 
oscillations in a range of short periodicities, while the spectral density 
of sleep-related states such as passive wakefulness, light and deep 
slow-wave sleep was lower. The results of their study suggest different 
mechanisms influencing the temporal organization of sleep, 
wakefulness and absence seizures in the light and the dark period. 
However, to reveal these mechanisms further investigations are 
needed. 
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Abstract 
 
The rhythms of spontaneously occurring seizures (spike-wave 
discharges, SWD) and motor activity, as well as the relationship 
between SWD and sleep–wake states were investigated in the WAG/Rij 
rat model of absence epilepsy. In order to establish whether SWD are 
controlled by external (Zeitgebers) or by endogenous factors such as 
circadian influences or the state of vigilance, the study was performed 
in entrained and constant dim light conditions. 
EEG and motor activity were recorded in the 12:12 light–dark 
cycle and in constant dim light conditions. Circadian rhythmicity was 
found both for motor activity and the occurrence of SWD in conditions 
of entrainment. In constant dim light conditions also circadian rhythms 
emerged, however, the change in circadian parameters was opposite 
for the rhythm of SWD and motor activity. SWD were preceded mostly 
by passive wakefulness and by slow-wave sleep in both experimental 
conditions. 
It can be concluded that the rhythm of SWD seems to be 
generated and controlled by an endogenous mechanism distinct from 
that which controls the rhythm of motor activity. The relationship 
between SWD and sleep–wake states preceding their occurrences 
appeared to be unchanged, suggesting that the mechanism of 
generation of SWD is independent of the circadian timing system. 
 
Keywords: absence seizures; spike-wave discharges; WAG/Rij 
rats; circadian rhythmicity; motor activity; sleep–wake states 
 
1. Introduction 
 
The majority of mammalian physiological and behavioural 
processes are controlled by a circadian timing system. The light-dark 
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cycle, the most prominent synchronizer of biological rhythms, entrains 
a circadian master clock, the hypothalamic suprachiasmatic nuclei 
(SCN), to a 24-h day (Reppert and Weaver, 2001). The SCN control 
other clocks through multiple neuronal connections and humoral 
factors, and these clocks express overt circadian rhythms (Buijs and 
Kalsbeek, 2001; Morin and Allen, 2006). These various oscillators or 
rhythms show a phase-relationship under entrained conditions. 
However, the SCN generates a rhythm with a period length 
different from 24 h in absence of time cues (Bünning, 1964; Herzog 
and Schwarts, 2002). Not only the period may change, but also 
parameters such as amplitude and mean as well as the relationships 
between rhythms and even uncoupling of distinct circadian rhythms 
may occur. This phenomenon is called “internal desynchronization” and 
has been reported in humans and animals (Weaver, 1979; Aschoff and 
Weaver, 1981; Erkert, 2000; Aguzzi et al., 2006). Internal 
desynchronization is thought to deliver evidence supporting a “multiple 
oscillatory theory” of the mammalian circadian timing system. 
Also pathological processes such as the timing of epileptic 
seizures show daily rhythmic fluctuations. Investigations initiated by 
Gowers (1885), who classified seizures as diurnal, nocturnal and 
diffuse, led to the conclusion that distinct circadian patterns of the 
occurrence of epileptic discharges are determined by the type of 
epilepsy syndrome, both in humans and in animal models (Gowers, 
1885; Langdon-Down and Brain, 1929; Pavlova et al., 2004; Durazzo 
et al., 2008; Hofstra et al., 2009; Quigg et al., 1998). It seems that 
the sleep-wake or rest-activity cycle plays a major role among the 
different circadian factors that ultimately influence the timing of 
seizures (Halasz, 1991). Changes in neuronal excitability associated 
with these rhythms determine the susceptibility for seizures to occur 
at specific or preferred states of vigilance. 
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Idiopathic generalized epilepsy (IGE) with typical absences 
belongs to a group of epilepsy syndromes that is strongly affected by 
the sleep-wake and rest-activity cycle. Indeed a 24-h rhythm has been 
identified for the occurrence of absence seizures (Kellaway et al., 
1980). Absences are characterized by the presence of bilateral, 
synchronous, generalized spike-wave discharges (SWD) in the EEG 
against a normal background activity. The frequency of the discharges 
is about 3 Hz and differs slightly among particular syndromes 
(Panayiotopoulos, 1994; Duncan, 1997). Slow-wave sleep, quiet 
wakefulness (e.g. physical and mental inactivity associated with 
drowsiness), light slow-wave sleep and transitions, mainly awakenings 
from slow-wave sleep are the most favourable states for SWD to occur, 
both in humans and in animal models (Coenen et al., 1991; 
Drinkenburg et al., 1991; van Luijtelaar and Bikbaev, 2007). SWD 
hardly occur during the highly desynchronized EEG activity such as 
active wakefulness and REM sleep (Dinner, 2002; Halasz et al., 2002). 
Rats of the WAG/Rij strain are a well known, validated, genetic 
animal model of absence epilepsy sharing common behvioural, 
electroencephalographic and pharmacological characteristics with the 
human disorder (Coenen and van Luijtelaar, 2003; Depaulis and van 
Luijtelaar, 2006). The distribution of the 7 – 11 Hz SWD show a clear 
circadian variation (van Luijtelaar and Coenen, 1988; van Luijtelaar et 
al., 2001), with a maximum during the early hours of the dark phase 
and a minimum at the beginning of the light phase, when rats have the 
highest amount of deep slow-wave sleep. The latter state is not 
favourable for the occurrence of SWD (Drinkenburg et al., 1991). 
Therefore, it is likely that the distribution of SWD is a direct 
consequence of the distribution of the vigilance states and the presence 
of Zeitgebers. 
The purpose of the present study was to verify the putative 
endogenous character of the rhythm of SWD. Considering that the 
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probability of the occurrence of SWD is higher during states of physical 
inactivity, emphasizing a role of vigilance in the generation of 
absences, the relationship between sleep-wake states including motor 
activity and the occurrence of SWD was additionally investigated in 
order to verify whether the absence of Zeitgeber light on and off 
interferes with the dependency observed under conditions of 
entrainment. 
 
2. Material and methods 
 
2.1. Animals 
 
Seven adult (eleven months old), male WAG/Rij rats, born and 
raised in the laboratory of the Donders Centre for Cognition of the 
Radboud University Nijmegen, served as subjects. Animals were 
maintained on a 12:12 light-dark cycle (lights on at 6:00 am) with food 
and water available ad libitum. All experimental procedures were 
approved by the Animal Ethical Committee of the Radboud University 
Nijmegen. 
 
2.2. Surgery 
 
Rats were implanted with a standard three-channel electrode 
set (MS 333/1-A, Plastic One Inc., Roanoke, VA, USA) under isoflurane 
anaesthesia. Two active electrodes were put on the surface of primary 
motor and visual cortex. Coordinates of the electrodes (with skull 
surface flat and bregma zero-zero) were: AP +2.0, ML 3.5 and AP -6.0, 
ML 4.0, respectively. The reference electrode was put over the 
cerebellum. Animals were allowed to recovery for 14 days after the 
surgery. 
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2.3. EEG and activity recordings 
 
Each animal was individually placed in sound-attenuated, 
ventilated recording cage and connected with a computer-based data 
acquisition system (Dataq Instruments, Akron, OH, USA). Rats were 
connected to a swivel which allowed them to move freely in their cages. 
The EEG signals were amplified, band pass filtered between 1 and 100 
Hz, and sampled at 200 Hz. General motor activity was measured by a 
passive infrared sensor (PIR) mounted 40 cm above the bottom of the 
animal’s cage and connected to the data acquisition system. This 
system, which has been used earlier and validated against visual 
observation, measures the total body movements over a period of 
time, showing a large amplitude during intense body movements such 
as digging, rearing, grooming and exploration, and an almost zero 
amplitude during behavioural immobility. Animals were allowed to 
habituate to the recording cages for at least 2 h before the recordings 
started. 
 
2.4. Experimental design 
 
Animals were kept on the 12:12 light-dark cycle (light intensity: 
60 lux) which constitutes the condition of entrainment. An overview of 
the design of the experiment is presented in Fig. 1. The light regime 
was changed after 10 days into constant dim light (5-6 lux), on which 
rats were maintained for the following 20 days. EEG recordings were 
made continuously during the last four days of the entrained condition 
and during the last seven days of the constant dim light condition (from 
day 23 to day 30). Motor activity recordings were made throughout the 
whole experiment (Fig. 1). Food and water were always available ad 
libitum, the presentation of fresh water and the addition of new rat 
chow in the constant dim light condition was done at irregular time 
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points, just as the cleaning of cages. This was done only once a week 
to minimize intervention and prevent synchronization. 
 
 
 
Figure 1. Experimental design 
 
2.5. Data analysis 
 
Preliminary PIR recordings were visually inspected to define an 
activity threshold value. The number of episodes above the threshold 
(= active behavior) was counted automatically from the PIR recordings. 
Recordings were divided into 6 min bins. Each bin with a predominance 
of (> 50%) above the threshold was scored as 1. The value 0 was given 
to bins with the predominance of passive behavior. Activity data were 
divided into 10 day segments: the first of which represents 10 days 
spent in the entrained condition, the second representing the last 10 
days of 20 days spent in constant dim light conditions. The period, 
mean and amplitude of the activity rhythms of both segments were 
analysed by means of the Cosinor method, which yields also a measure 
of the robustness of the rhythm (the percentage of variance accounted 
for by the rhythm). 
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In order to compare sleep, motor activity, SWD in the active 
and passive phases of the entrained and constant dim light periods, 
the beginning and the end of the active period in the entrained and 
constant dim light conditions was established. The onset of darkness 
was taken as the beginning of the active phase for the entrained 
condition. The onset of the activity rhythm in the constant dim light 
condition was based on the outcomes of the Cosinor method which 
gives the accurate estimation of the period length. In addition, visual 
inspection of the activity rhythm over days showed marked and long 
lasting activity bouts after a period of behavioral inactivity. The 
beginning of the activity bouts over days was used to estimate the 
beginning of the active period. Next the circadian day was split in two 
equal parts (the active and passive phase). It was noticed that the 
beginning of the passive period always coincided with long lasting 
period of behavioral inactivity. 
EEGs were recorded during 4 days in the entrained condition 
and during 7 days of the constant dim light condition. SWD were 
identified off-line according to well-known criteria (van Luijtelaar and 
Coenen, 1986). The Cosinor analysis was applied on 4 and 7 day 
segments of the data collected in the entrained and constant dim light 
conditions, respectively (data resolution: 6 min, number of SWD per 6 
min block), to estimate the circadian period, mean, amplitude and 
robustness of the SWD rhythm. 
Sleep-wake states were identified off-line by visual inspection 
of the EEG and PIR recordings from the last day of the entrained and 
the last day of constant dim light condition, commonly used criteria 
were used (van Twyver, 1969; van Luijtelaar and Coenen, 1993). The 
second and penultimate hour of the dark and the light phase of the 
12;12 light-dark cycle and corresponding hours of the active and the 
passive phase of the constant dim light condition were analysed. Four 
sleep-wake states were scored: active wakefulness, passive 
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wakefulness, slow-wave sleep and REM sleep. To determine the 
preference of the occurrence of SWD for a particular state of vigilance, 
every 5 s preceding and following each SWD were analysed. Results 
were subsequently corrected with regards to the distribution of the 
sleep-wake states over the analysed hours, as proposed by 
Drinkenburg et al. (1991). 
 
2.6. Statistical analysis 
 
Statistical analysis was performed in Statistica (StatSoft, Inc., 
USA). Multivariate analysis of variance was first used to estimate 
differences in parameters between light regimes, only in case of 
significant condition effect, Student’s t-tests for dependent samples 
were used as post hoc tests. Differences were considered as significant 
at p < 0.05. 
 
3. Results 
 
In the entrained condition (24 h, 12:12 light-dark), a rhythm of 
motor activity was found with a period length of 24.03 ± 0.04 h. 
Animals were more active during the dark phase than during the light 
phase of the 12:12 light-dark cycle (p < 0.001). 
Multivariate analysis of variance showed significant differences 
between experimental condition for both motor activity and SWD 
rhythm (F = 84.84, df = 4.3, p < 0.01 and F = 10.91, df = 4.3, p < 
0.05, respectively). Subsequent post hoc tests showed that the period 
of motor activity rhythm increased to 24.63 ± 0.08 h (p < 0.01), while 
the mean, amplitude and robustness of the rhythm decreased (all p’s 
< 0.05) in the constant dim light. The number of activity counts was 
higher for the active than for the passive phase of the constant dim 
light condition (p < 0.001). A comparison between the entrained and 
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the constant dim light condition revealed that animals were less active 
in the active phase and more active in the passive phase of the 
constant dim light condition (both p’s < 0.05). Data are presented in 
Table 1. 
 
 
Entrained Constant dim light 
Period [h]    24.03 ± 0.04     24.63 ± 0.08* 
Meana      0.20 ± 0.03       0.16 ± 0.06* 
Amplitude       0.18 ±0.01       0.11 ± 0.01* 
Robustnessb      8.58 ± 1.59       4.28 ± 0.64* 
Activity counts 
Dark/active 342.43 ± 46.40 241.86 ± 33.18* 
Light/passive   85.86 ± 17.30 109.43 ± 17.37* 
 
Table 1. Mean and SEM of the various parameters of the motor activity rhythm 
in the entrained and constant dim light condition. a An estimate of central 
tendency of the distribution of values of an oscillating variable. b The 
percentage of variance accounted for by the rhythm. * Entrained vs dim light 
condition, p < 0.05 
 
The occurrence of SWD in the entrained phase showed also a 
clear, circadian rhythm. The minimum occurred during the first 2 h of 
the light phase. Then the number gradually increased to reach a 
maximum at the end of that phase. At the beginning of the dark phase 
a small drop occurred followed by an increase and then again a 
continuous decrease (Fig. 2). There were no differences in the number 
of SWD between the light and the dark phase of the 24-h rhythm, as 
well as between the active and the passive phase of the SWD rhythm 
recorded in the constant dim light condition. However, the number of 
SWD was higher in the active phase in comparison with the dark phase 
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of the entrained condition (p < 0.05). The period of the SWD rhythm 
in constant dim light condition was shorter than 24 h (22.93 ± 0.53), 
although the difference just failed to reach significance. However, each 
animal showed a significant (it means that a significant amount of 
variation across time points was explained by the fitted cosinus), 
circadian rhythm in the occurrence of SWD under the constant dim light 
condition. Significant changes were also found for the mean and 
amplitude of the rhythm, which were larger in the constant dim light 
condition (p < 0.05; p < 0.001, respectively), as well as for the 
robustness, which was smaller than in the entrained condition (p < 
0.05). Results are presented in Table 2. 
 
 
Entrained Constant dim light 
Period [h]     24.01 ± 0.04   22.93 ± 0.53 
Meana       1.41 ± 0.18       1.82 ± 0.15* 
Amplitude        5.45 ±0.48       8.32 ± 0.68* 
Robustnessb       4.44 ± 0.70       1.57 ± 0.29* 
SWD number   
Dark/active 631.43 ± 81.08 919.28 ± 65.89* 
Light/passive 738.43 ± 77.38 865.71 ± 90.38* 
 
Table 2. Mean and SEM of the various parameters of the SWD rhythm in the 
entrained and constant dim light condition. a An estimate of central tendency 
of the distribution of values of an oscillating variable. b The percentage of 
variance accounted for by the rhythm. * Entrained vs dim light condition, p < 
0.05 
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Figure 2. Double plotted graph of 4 days of SWD (mean number and SEM of 
SWD per hour) activity (one X-axis represents two days [48 h], the activity of 
the second day is plotted again as the first day in the next X-axis). The dark 
phase of the 12:12 light-dark cycle is marked in grey 
 
100 
The comparison of parameters of the activity and SWD rhythm 
in the constant dim light condition revealed significant differences. The 
period length of the SWD rhythm was shorter and the rhythm less 
robust (p’s < 0.05), while the amplitude and the mean of the SWD 
rhythm was higher in comparison to the activity rhythm (both p’s < 
0.001). 
The distribution of particular states of vigilance in the entrained 
condition is presented in Table 3. Active wakefulness, dominating at 
the beginning of the dark phase, decreased gradually till the beginning 
of the light phase, in which it reached its lowest level. At the end of the 
light phase the amount of active wakefulness slightly increased. The 
same pattern was also observed for passive wakefulness, while the 
course of the slow-wave sleep was opposite. The lowest amount of 
slow-wave sleep was observed at the beginning of the dark phase, 
subsequently followed by a gradual increase till the beginning of the 
light phase when it reaches its maximum. Contrary to active and 
passive wakefulness, the amount of slow-wave sleep decreased at the 
end of the light phase. The percentage of REM sleep gradually 
increased during the investigated hours. 
Active wakefulness in the constant dim light condition was found 
to be the only state of vigilance, which preserved its pattern observed 
in the entrained condition. The course of the remaining sleep-wake 
states was altered. The lowest amount of passive wakefulness was 
found at the end of the active phase, followed by an increase at the 
beginning of the passive phase and a subsequent decrease at the end. 
A minimal amount of slow-wave sleep was recorded, the same as in 
the entrained condition, at the beginning of the active phase. The 
maximum was shifted from the beginning of the passive phase to the 
end of the active phase, after which a gradual decrease was observed. 
A slight alteration was also found for REM sleep. The same pattern for 
three investigated periods (the entire active phase and the beginning 
101 
of the passive phase) was preserved, with the exception of the end of 
the passive phase in which a decrease was observed. The distribution 
of the particular states of vigilance recorded in the constant dim light 
condition is presented in Table 3. 
 
 Dark phase  Light phase  
 Beginning End Beginning End 
Entrained condition    
Active 
wakefulness 
60.22 ± 3.61 38.21 ± 9.22 12.13 ± 4.18 15.56 ± 3.84 
Passive 
wakefulness 
18.26 ± 1.96 13.08 ± 3.38 5.00 ± 1.24 10.45 ± 1.66 
Slow-wave 
sleep 
19.10 ± 3.64 40.70 ± 8.54 73.33 ± 5.37 61.47 ± 2.82 
REM sleep 2.42 ± 1.22 8.01 ± 3.21 9.53 ± 1.75 12.52 ± 1.72 
Constant dim light condition   
Active 
wakefulness 
54.16 ± 7.41 26.54 ± 8.88 23.02 ± 6.16 39.56 ± 5.53 
Passive 
wakefulness 
12.41 ± 1.14 6.77 ± 1.63 15.61 ± 6.93 10.95 ± 2.60 
Slow-wave 
sleep 
30.26 ± 5.92 59.65 ± 7.23 49.69 ± 7.86 40.58 ± 6.33 
REM sleep 3.17 ± 2.01 7.04 ± 2.10 11.68 ± 2.55 8.90 ± 1.30 
 
Table 3. Mean and SEM of the percentage of particular states of vigilance 
during investigated hours in the entrained and constant dim light conditions 
 
A comparison made between the entrained and the constant 
dim light condition revealed that in the active phase of the constant 
dim light condition the percentage of passive wakefulness was lower (p 
< 0.05). In the passive phase of the constant dim light condition the 
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percentage of active wakefulness was higher (p < 0.05), whereas the 
percentage of slow-wave sleep was lower (p < 0.05). 
Passive wakefulness and slow-wave sleep have been found to 
dominate among states of vigilance preceding the occurrence of SWD 
in the entrained condition. 39% and 35% of SWD recorded were 
preceded by passive wakefulness and by slow-wave sleep, 
respectively, active wakefulness (15%) and REM sleep (11%) were the 
least probable states. This tendency was preserved in the constant dim 
light condition. 47% of SWD were preceded by passive wakefulness, 
32% by slow-wave sleep, 17% by active wakefulness and 4% by REM 
sleep. No significant differences between the entrained and the 
constant dim light condition were found. Data are presented in Fig. 3. 
Passive wakefulness in the entrained condition followed the 
occurrence of SWD most frequently (71%), active wakefulness, with a 
probability of 17%, was the second state. Slow-wave sleep and REM 
sleep were recorded after SWD in 9% and 3% of cases, respectively. 
The same relationship was found in the constant dim light condition for 
two sleep-wake states: passive wakefulness and REM sleep. Passive 
wakefulness was the most and REM sleep the least probable to occur 
after SWD (62% and 9%, respectively). Opposite to the entrained 
condition, slow-wave sleep was found to be the second most frequent 
state following the occurrence of SWD (18%), active wakefulness was 
the third (11%). Data are presented in Fig. 3.  
Statistical analysis revealed that the probability that SWD was 
followed by slow-wave sleep is significantly higher in the constant dim 
light condition than in the entrained condition (p < 0.05). 
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Figure 3. States of vigilance preceding (A and C) and following (B and D) the 
occurrence of SWD in the entrained (A and B) and constant dim light conditions 
(C and D). AW = active wakefulness, PW = passive wakefulness, SWS = slow-
wave sleep, REM = REM sleep. SWS after SWD occurred more often in the 
constant dim light condition, * p < 0.05 
 
4. Discussion 
 
In the present study the rhythm of absence seizures, the 
rhythm of general motor activity and the relationship between absence 
seizures and states of vigilance in WAG/Rij rats were investigated 
under two different experimental conditions: the condition of 
entrainment to the 12:12 light-dark cycle, and the condition of 
constant dim light. Here it is shown for the first time that there is an 
endogenous rhythm of absence seizures, given that the circadian 
rhythmicity in the occurrence of SWD is still present in the absence of 
the most important Zeitgeber. Moreover, under the constant dim light 
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condition significant changes in various parameter of the rhythm of 
SWD and in general motor activity are observed, while additionally 
internal desynchronization between these rhythms is observed. 
Contrary to these changes, the well established relationship between 
the occurrence of SWD and states of vigilance in not altered by the 
constant environment. Regardless of environmental conditions, SWD 
are most frequently occurring during passive wakefulness and slow-
wave sleep. 
The present results confirm previous observations of circadian 
rhythmicity in rats’ motor activity (Büttner and Wollnik, 1984; Ray et 
al., 2004; Refinetti, 2006). Animals are more active during the dark 
than during the light phase in the entrained condition. The constant 
dim light alters parameters of the motor activity rhythm. The period of 
the rhythm becomes longer than 24 h, in agreement with “Aschoff’s 
rule” stating that, in nocturnal animals maintained on constant light, 
an increase in light intensity corresponds with an increase in the period 
length of the rhythm. It can be concluded that a slight, but significant, 
increase in the period length observed in the present experiment is 
caused by the presence of constant low intensity light on which animals 
are maintained (Aschoff, 1960; Daan and Pittendrigh, 1976; Fukuhara 
et al., 2005). The remaining parameters such as the mean, amplitude 
and robustness of the rhythm are found to be decreased in comparison 
with the condition of entrainment. An inhibitory effect of light on the 
activity of nocturnal animals is well established (Redlin, 2001). A long-
lasting, continuous exposure to dim light has been reported to reduce 
the amplitude and the mean of activity rhythm with a possible 
disruption of the circadian pattern (Borbély and Neuhaus, 1978; Albers 
et al., 1981; Eastman and Rechtschaffen, 1983; Ikeda and Inoue, 
1998). 
A circadian rhythmicity in the occurrence of SWD in WAG/Rij 
rats is found in the entrained condition. The observed pattern shares 
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common characteristics with previous reports (van Luijtelaar and 
Coenen, 1988). The circadian distribution is a direct consequence of 
the changes in sleep-wake states over the course of the 24-h day 
(Drinkenburg et al., 1991). Light slow-wave sleep, passive wakefulness 
and transitions between different states of vigilance have been shown 
to promote the occurrence of SWD, while deep slow-wave sleep, REM 
sleep and active wakefulness are states exerting opposite effects 
(Lannes et al., 1988; Coenen et al., 1991; Drinkenburg et al., 1991). 
In both studies the nadir of the rhythm was found to be located during 
the first hours of the light phase, which correlates with a high amount 
of deep slow-wave sleep at that time of the light-dark cycle (Coenen 
et al., 1991; Drinkenburg et al., 1991). A slight difference was noted 
for the maximum of the rhythm: it occurred at the end of the light 
phase, while van Luijtelaar and Coenen (1986) pointed out that this 
maximum emerged at the early hours of the dark phase. Despite the 
high number of SWD in the dark phase, a decline was observed just at 
the beginning of it. For nocturnal animals kept in laboratory conditions, 
turning off the light is a strong signal to become behaviorally active. 
Therefore, the characteristic peak of activity at the beginning of the 
dark period could be responsible for such a decline, as active 
wakefulness suppresses the occurrence of SWD (Coenen et al., 1991; 
Drinkenburg et al., 1991). 
The changes in the SWD rhythm that took place in the constant 
dim light condition show an opposite direction in comparison with 
changes in the rhythm of motor activity. The period length of the 
absence epilepsy rhythm becomes shorter than 24 h. Although this 
change is not significant according to parametric tests for the group as 
unity, each animal showed a clear circadian rhythm with a new, shorter 
period length in the range of 20.6 – 23.9 h. A non-parametric sign test 
confirmed that the period length was indeed shorter in constant dim 
light. A circadian rhythm of limbic seizures was first described by Quigg 
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et al. (2000) in a model for temporal lobe epilepsy: the seizures 
occurred in a phasic nonrandom pattern both under entrainment and 
under constant darkness with a period length of about 24 h. Similar to 
the present results, the number of seizures, as well as the amplitude 
of the rhythm increased in an environment lacking external time cues. 
Contrary to a decrease in the amplitude and in the mean of the 
motor activity rhythm, the corresponding parameters of the rhythm of 
SWD increased. Motor activity and waking are suppressed in the 
condition of continuous light (Borbély and Neuhaus, 1978). This 
suppression can be a putative cause for the increase in the number of 
SWD considering the intimate negative relationship between vigilance 
and arousal, and the occurrence of SWD. Moreover, it has been shown 
that the condition of constant light disrupts the sleep-wake pattern. A 
significant increase of slow-wave and REM sleep is found under 
constant light, together with an elevated number of REM sleep episodes 
(Borbély and Neuhaus, 1978). Similar results were obtained by Ikeda 
et al. (2000), additionally pointing towards a redistribution of the 
amount of particular sleep stages in the active and the passive phase. 
In the present study, dim light alters the course, as well as the amount 
of sleep-wake states. 
The divergence of the period length under constant dim light 
between motor activity, with a significant increase, and the SWD 
rhythm, with a tendency to decrease, suggests distinct oscillators 
responsible for their regulation. Others have found dissociation 
between circadian rhythms in continuous dim light in monkeys and rats 
(Erket, 2000; Aguzzi et al., 2006). Studies devoted to the process of 
desynchronization of oscillators are considered as important evidence 
in multiple oscillatory theory of mammalian circadian timing system. 
These oscillators may reside in or outside the SCN (Pittendrigh and 
Daan, 1976; Shinohara et al., 1995; Jagota et al., 2000). 
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A common finding for both the motor activity and the SWD 
rhythm, is a gradually decreasing robustness after the transfer to the 
constant dim light condition. Both rhythms show the same tendency, 
however, the motor activity rhythm was found to be significantly more 
robust throughout the whole experiment than the SWD rhythm. This 
suggest that the motor activity rhythm is governed by a stronger 
oscillator. Differences in robustness of the rhythms of wake and body 
temperature under long-term continuous illumination were earlier 
reported: the wake rhythm, thought to be driven by a weaker 
oscillator, lost its organization earlier than the body temperature 
rhythm (Eastman and Rechtschaffen, 1983). Although the 22.9 h 
rhythm of SWD remained identifiable, it was also noticed that it became 
less organized. The motor rhythm kept its organization better. Both 
rhythms showed a diminished robustness, reflecting a decrease in the 
strength of the circadian timing system. Therefore, it seems that under 
entrained conditions, the structure of the SWD rhythm is influenced by 
changes in sleep-wake states and in the amount and timing of activity 
over 24-h day (Coenen et al., 1991; Drinkenburg et al., 1991). A 
disrupted organization of general motor activity, expressed by a 
decreased robustness of its rhythm, together with a distinct oscillator 
acting independently from the oscillator controlling the timing of SWD, 
might be responsible for the gradual change of the structure of the 
SWD rhythm under the constant dim light condition. 
In the present study, the majority of SWD was preceded by 
passive wakefulness and slow-wave sleep, while active wakefulness 
and REM sleep were rarely recorded just before SWD, consistent with 
previous findings from both animal and human studies (Lannes et al., 
1988; Drinkenburg et al., 1991; Halasz et al., 2002). The relationship 
between SWD and states of vigilance is the same in both: the entrained 
and constant dim light condition, strongly suggesting that the 
108 
dependency of generation of SWD on particular state of vigilance is not 
influenced by circadian factors. 
SWD are often followed by active and passive wakefulness, this 
awaking effect of SWD observed in the present experiment supports 
earlier findings (Drinkenburg et al., 1991). Here it is found that the 
probability that SWD are followed by slow-wave sleep is higher in 
constant dim light than in entrained condition, while the sleep-wake 
state preceding the onset of SWD is not changed. This implies that the 
awaking properties of SWD are diminished in the constant dim light 
condition. The sleep-wake cycle of these epileptic rats has been found 
to be disrupted: besides shorter and many aborted REM sleep periods 
(Suntsova et al., 2009; Gandolfo et al., 1991), the sleep cycle is 
shortened. However, the sleep cycle disturbances are significant only 
at a specific time of day, pointing towards a circadian factor in sleep 
disturbances (van Luijtelaar and Bikbaev, 2007). It seems that the 
tendency of SWD to exert awaking effect is reduced by uncoupling the 
SWD and motor activity rhythms and by a decrease in the robustness 
of these rhythms. 
In conclusion, this study demonstrates that the timing of SWD 
in the entrained conditions is due to photic synchronizing stimuli and it 
is shaped by the motor activity rhythm and the momentary state of 
vigilance. It also confirmed a true circadian nature of the rhythm of 
absence seizures. Considering an opposite tendency in the 
characteristics of rhythms under the constant dim light condition, it can 
be concluded that the SWD rhythm might be driven by a circadian 
oscillator distinct form that of the general motor activity rhythm. The 
relationship between states of vigilance and the mechanisms of the 
generation of SWD is preserved in the constant dim light condition 
suggesting, that this mechanism is independent from circadian 
modulation. However, the awaking effect of SWD became weaker. The 
uncoupling of SWD and motor activity rhythms during the constant dim 
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light condition allows that the SWD rhythm loses some of its 
robustness. 
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Abstract 
 
Purpose: The occurrence of spike-wave discharges (SWDs) in 
WAG/Rij rats is modulated by the circadian timing system and is 
shaped by the presence of a light–dark cycle, motor activity, and state 
of vigilance. Here it is investigated whether the response to a phase 
shift is different between the SWDs and general motor activity rhythm. 
The process of re-entrainment of both rhythms and its effect on 
number of absences was compared after a phase shift in the light–dark 
cycle, a condition known to induce internal desynchronization in the 
circadian timing system. 
Methods: Chronic electroencephalographic and motor activity 
recordings were made in adult WAG/Rij rats, kept in the 12:12 h light–
dark cycle. After four baseline days, rats were exposed to an 8-h phase 
delay by shifting the light onset. Recordings were continuously made 
for another 10 consecutive days. 
Key Findings: An immediate effect of the phase shift on both 
rhythms was observed: the acrophases were 7.5 h advanced. Next, 
they gradually returned to the baseline level, however, with a different 
speed. The more robust motor activity rhythm stabilizes first, whereas 
the weaker rhythm of SWDs adapted more slowly. The phase shift 
caused a prolonged aggravation of epileptic activity, observed mostly 
during the light phase. 
Significance: Different speed and character of re-entrainment 
suggests that the occurrence of seizures and motor activity are 
controlled by distinct circadian oscillators. The prolonged increase in 
absences after the phase shift has immediate practical consequences. 
 
Keywords: absence epilepsy; WAG/Rij rats; genetic model; 
spike-wave discharges; phase shift; circadian rhythm 
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1. Introduction 
 
The rhythmic expression of physiologic functions is the result of 
complex interactions between the external and internal environment 
and the circadian timing system. A direct connection with the retina 
allows the master circadian pacemaker, the suprachiasmatic nucleus 
of the hypothalamus (SCN), to respond to cyclic changes in 
environmental illumination, one of the most potent synchronizers of 
biological rhythms (Morin & Allen, 2006). The SCN entrained by a light-
dark cycle and supported by other time cues, governs dependent clocks 
so that a stable phase relationship between various oscillators is 
reached (Buijs & Kalsbeek, 2001). However, sudden phase shifts in the 
light-dark cycle are able to disturb this synchrony. The speed of 
entrainment to a new photoperiod is different for various oscillators; it 
is the ventrolateral, photosensitive part of the SCN that synchronizes 
first and other follow (Yamazaki et al., 2000; Nagano et al., 2003; Lee 
et al., 2009). Internal desynchronization during the process of 
reentrainment is also thought to be direct cause of jet lag: a state of 
fatigue, poor performance, and sleep disturbances reported by 
travelers, who rapidly cross several time zones (Haimov & Arendt, 
1999; Waterhouse et al., 2007). 
Circadian control over physiologic and behavioral processes in 
mammals is well-documented (Bünning, 1964). In addition, some 
pathologic phenomena such as epileptic seizures tend to occur daily, in 
a nonrandom fashion (Gowers, 1885; Langdon-Down & Brain, 1929; 
Quigg et al., 1998). The distribution of seizures across a 24-h day 
depends on the type of epileptic syndrome, and can be also influenced 
by other circadian variables such as the sleep-wake or rest-activity 
cycle, both in humans and animal models (Kellaway et al., 1980; van 
Luijtelaar & Coenen, 1988; Coenen et al., 1991; Drinkenburg et al., 
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1991; Halasz, 1991; Halasz et al., 2002; Pavlova et al, 2004; Durazzo 
et al., 2008; Hofstra et al., 2009). 
Absence seizures are manifested by the presence of bilateral, 
synchronous, generalized spike-wave discharges (SWDs) in the 
electroencephalogram (EEG), accompanied by behavioral arrest, 
reduced consciousness, and decreased responsiveness (Depaulis & van 
Luijtelaar, 2006). 
The distribution of SWDs across 24-h period in WAG/Rij rats, a 
well-known and validated genetic model of absence epilepsy (Coenen 
& van Luijtelaar, 2003; van Luijtelaar & Sitnikova, 2006), is 
rhythmically organized, with a maximum at the beginning of the dark 
phase and a minimum localized during the first 2 hours of the light 
phase (van Luijtelaar & Coenen, 1988; Drinkenburg et al., 1995; Smyk 
et al., 2011). It is assumed that at least three main factors contribute 
to this structure: photic entrainment, momentary state of vigilance, 
and motor activity. Previous findings have demonstrated that the SWD 
rhythm is generated endogenously, since it is still present in rats 
maintained in a condition of constant dim light, in which the circadian 
timing system lacks time cues. In such a condition, the number of 
seizures was elevated, however, the relationship between the 
occurrence of SWDs and the state of vigilance was not affected. In 
addition, desynchronization between the rhythms of SWDs and general 
motor activity was observed, which suggests the existence of distinct 
oscillators for both rhythms (Smyk et al., 2011). 
The present study aimed to investigate whether two oscillators 
with different circadian properties also differ in the entrainment to an 
8-h phase shift. More specifically, circadian characteristics of SWDs 
including number and duration and motor activity rhythm, and their 
speed of entrainment were determined before, during and 10 days 
after a sudden phase shift, which was induced by extending the dark 
period. 
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2. Methods 
 
2.1. Animals 
 
Eight adult WAG/Rij rats (age 18 months, weight 336 ± 37 g 
[mean + SEM]), born and raised in the laboratory of the Department 
of Biological Psychology, Donders Centre for Cognition, Radboud 
University Nijmegen, were used in the experiment. Animals were 
housed in pairs in standard polycarbonate cages and maintained in a 
12:12 h light-dark cycle (lights on at 8 a.m.) with food and water 
available ad libitum. All experimental procedures were approved by the 
Radboud University Nijmegen Animal Ethical Committee. 
 
2.2. Surgery 
 
Stereotactic surgery was performed under general isoflurane 
anesthesia. Each rat was implanted with a standard three-channel 
electrode set (MS 333/1-A; Plastic One Inc., Roanoke, VA, U.S.A.). Two 
active electrodes were placed on the surface of primary motor and 
visual cortex (coordinates with the skull flat and bregma zero-zero: AP 
+2.5, ML 3.5 and AP – 6.0, ML 4.0, respectively). The reference 
electrode was placed over the cerebellum. Rats were housed 
individually during 14 days of a recovery period after the surgery, as 
well as throughout the entire experiment. 
 
2.3. EEG and motor activity recordings  
 
Rats were placed in sound-attenuated, individually ventilated 
recording cages and connected with a computer-based data acquisition 
system (Dataq Instruments, Akron, OH, U.S.A.), by means of cables 
and swivels, which allowed animals to move freely around their cages. 
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The EEG signals (differential recordings) were amplified, band pass 
filtered between 1 – 100 Hz, and sampled at 256 Hz. General motor 
activity was recorded by a passive infrared sensor (PIR), mounted 40 
cm above the bottom of cages and connected to the data acquisition 
system. A signal recorded showed high amplitude in response to large 
body movements, such as locomotion, food intake, or grooming and 
almost zero amplitude during behavioral immobility. Animals had been 
habituated to cages and cables 24 h before the experiment started. 
 
2.4. Experimental design 
 
Baseline EEG and general motor activity recordings were made 
for 4 days in the 12:12 h light-dark cycle, with lights on at 8 a.m. and 
lights off at 8 p.m. White light with the intensity of 60 lux at the bottom 
of animals cage was provided during the light phase, whereas the dark 
phase constituted of total darkness. The dark phase of the fifth day 
was extended from 12 to 20 h (lights off at 8 p.m., lights on at 4 p.m., 
instead of 8 a.m., next day), in order to produce a light phase delay. 
During and after the phase delay, recordings were continuously made 
for 10 days in the 12:12 h light-dark cycle, with lights on at 4 p.m. and 
lights off at 4 a.m. (postshift days). 
 
2.5. Data analysis 
 
The analyses were identical as in our previous experiment 
(Smyk et al., 2011). In brief, PIR recordings were divided into 6 min. 
bins. The mean of an absolute value of the raw signal was calculated 
for each bin and expressed subsequently as a percentage of the mean 
of all recorded days. A cosine wave with a fixed period length of 24 h 
was fitted to each baseline and postshift day (each day = 240 data 
points, one point = values for one 6-min bin), to estimate circadian 
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parameters of the rhythm of general motor activity: the mean, 
amplitude, acrophase, and robustness (the percentage of the variance 
accounted for by the rhythm) (program: Cosinor, available at 
http:/www.circadian.org/softwar.html), next to whether a significant 
amount of variation over time was obtained. Values obtained for four 
baseline days were subsequently averaged. 
SWDs were identified offline according to well-known criteria 
(van Luijtelaar & Coenen, 1986; Ovchinnikov et al., 2010). The total 
number and mean duration of SWDs were calculated for each 
experimental day. Circadian parameters of the rhythm of SWDs were 
estimated independently from the rhythm of general motor activity, 
however, the procedure was the same. A cosine wave with a fixed 
period length of 24 h was fitted to each baseline and post-shift day 
(each day = 240 data points, one point = the number of SWDs for one 
6-min bin). The number, mean duration and circadian parameters 
obtained for the baseline days were averaged.  
The rate of the entrainment of the rhythms of general motor 
activity and SWDs was determined by inspection of individual 
acrophase data, and expressed as the number of days after which the 
acrophase was the closest to the baseline level. 
In addition, the extended dark period (8 h) preceding the light 
phase shift was analyzed. Each hour of the extended darkness was 
compared with corresponding hours of the beginning of the light and 
the dark phase from the baseline. Parameters compared were the 
number of SWDs and the level of activity. 
 
2.6. Statistical analysis 
 
Statistical analysis was performed in SPSS (18th edition; SPSS 
Inc., Chicago, IL, U.S.A.). Repeated measures analyses of variance 
(ANOVA) were used including orthogonal trend analysis to estimate day 
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effects in circadian parameters, in SWD number and mean duration, 
and the level of activity between baseline and postshift days and 
between the light and dark period. The same repeated measures was 
used to estimate differences in the number of SWDs and level of 
activity in the extended dark period, the beginning of the light phase 
and the beginning of the dark phase. Least significant difference (LSD) 
and Student t-tests were used as post hoc tests to delineate differences 
between days and to estimate differences between light and dark 
periods and in the rate of the entrainment of the rhythms of general 
motor activity and SWDs. Differences were considered to be significant 
at p-level  < 0.05. 
 
3. Results 
 
3.1. General motor activity 
 
A clear, 24-h circadian rhythmicity was found in general motor 
activity in the baseline condition. Animals were more active during the 
dark than during the light phase of the 12:12 h light-dark cycle (149.6 
± 8.8 vs. 67.3 ± 3.4 %, respectively, representing the mean level of 
activity of all experimental days (MLA) of the dark and light periods, p 
< 0.001). 
The two-way repeated measures ANOVA for the total activity 
score in the dark and light period over all recorded days (baseline and 
10 days after the phase shift) showed a significant day (F = 3.21, d.f. 
10,70, p < 0.01), a light-dark (F = 249.89 d.f. 1,7, p < 0.0001) and 
an interaction effect (F = 23.43, d.f. 10,70, p < 0.001). Post hoc tests 
showed that the phase-related level of activity of the baseline was 
reversed on the first postshift day, since the rats were now more active 
during the light phase (100.6 ± 6.2 % vs. 88.2 ± 8.3 % of the MLA, p 
< 0.05). The commonly found activity difference between light and 
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dark was restored on the third postshift day and remained present from 
that moment onward (all p < 0.05 or < 0.001). 
 Comparisons between days showed that the level of nocturnal 
activity was reduced for 8 days (days 1 - 6, 8: all p < 0.001, day 7: p 
< 0.05), whereas the level of diurnal activity was elevated for 4 days 
(day 1, 2, 4: all p < 0.001, day 3: p < 0.05). 
Circadian parameters of the rhythm of general motor activity 
were also changed over time (F = 60.66, d.f. 10, 70, p < 0.001). The 
acrophase of the rhythm was advanced immediately after the phase 
shift (from 259.9 ± 8.7 to 157.0 ± 10.8o, p < 0.01). The return to the 
baseline level took 6 days (days 1 - 5: all p < 0.01, day 6: p < 0.05). 
Both the mean and the amplitude of the rhythm changed over time (F 
= 2.93, d.f. 10, 70, p < 0.01 and F = 2.51, d.f. 10, 70, p < 0.05, 
respectively). The mean decreased from the first till the eight postshift 
day (day 1-3, 5: all p < 0.01, day 6 and 8: all p < 0.05) with an 
exception of the fourth and seventh day; on these days the effects 
were in the same direction but failed to reach significance. The 
amplitude was decreased on the first, second and fourth postshift day 
(58.4 ± 6.6 vs. 43.1 ± 7.1, 46.0 ± 5.7 and 46.7 ± 9.5, respectively, 
day 1: p < 0.01, day 2, 4: all p < 0.05). A slight decrease over days 
was observed for the robustness of the rhythm (F = 2.21, d.f. 10, 70, 
p < 0.05); the post hoc tests showed a lower robustness on the first 
and fourth post-shift day (all p < 0.05). General motor activity data 
are presented in Fig. 1. 
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Figure 1. Mean and SEM of the level of general motor activity in the light and 
dark phase (A), the mean (B) and the acrophase (C) of the rhythm of general 
motor activity. Y axis: (A and B) percentage of the mean level of activity of all 
days recorded (MLA), degrees (360 degrees = 24 h, 0 – 180 degrees – the 
light phase, 181 – 360 degrees – the dark phase); X axis: experimental days 
divided into baseline period (4 days) and postshift period (10 days), day on 
124 
which the phase shift was produced is not included. * p < 0.05, LSD post hoc 
test after ANOVA, mean baseline level versus postshift day 
  
3.2. Spike-wave discharges 
 
A 24-h rhythm in the occurrence of SWDs was found in the 
baseline condition. The minimum of the rhythm was localized at the 
beginning of the light phase, whereas the acrophase occurred during 
early hours of the dark phase. A mean number of SWDs 463.2 ± 113.2, 
lasting on average 6.6 ± 1.1 s, was recorded. SWDs were more 
numerous during the dark than the light phase of the 12:12 h light-
dark cycle (296.2 ± 92.9 vs. 186.6 ± 53.9, p < 0.01). 
The two-way repeated measures ANOVA on number of SWDs of 
all recording days showed a day effect that could be described by a 
quadratic trend (Fquad = 8.72, d.f. 1,7, p < 0.01) and a day x time of 
day interaction (F = 5.09, d.f .10,70, p < 0.001). Subsequent one-way 
ANOVAs for the light and dark period separately, showed a day effect 
(F = 4.92, d.f. 10, 70, p < 0.001). The number of seizures was elevated 
after the phase shift, starting from the first till the seventh postshift 
day (days 1, 4, 6: all p < 0.05, day 2, 3, 5, 7: all p < 0.01). The one-
way ANOVA on the number of SWDs in the dark period showed a day 
effect (F = 2.27, d.f. 10, 70,   p < 0.05), which could be further 
described by the presence of a linear rising trend (Flin = 10.38, d.f. 1, 
7, p < 0.05). The number of SWDs on the first postshift day in the dark 
phase tended to be decreased, but failed to reach significance (242.6 
± 96.8 vs. 296.2 ± 92.9). The SWD data clearly demonstrate that the 
overall increase in the number of seizures occurred in the light phase. 
The phase shift induced also a phase reversal between the light 
and dark period in the number of SWDs. Differences in SWDs between 
the light and dark period, present during the baseline day (t = 2.66, 
d.f. 7, p < 0.05) were only restored on the eighth, (t = 2.39, p < 0.05), 
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ninth (t = 3.39, p < 0.01) and tenth (t = 1.97, p < 0.10, all d.f. = 7) 
postshift days. 
The acrophase of the rhythm of SWDs was significantly affected 
by the phase shift. An immediate advance was observed on the first 
postshift day (221.8 ± 31.6 vs. 108.6 ± 30.2o, p < 0.001). A significant 
time effect was found (F=8.34, d.f. 10, 70, p<.001). The return to the 
baseline level took 3 days (day 2 and 3, all p < 0.001), however, a 
significant difference was also observed on the seventh postshift day 
(p < 0.001). SWDs data are presented in Figure 2. 
The other circadian parameters were not significantly changed. 
Orthogonal trend analyses showed a significant quadratic trend for the 
mean (F = 8.89, d.f. 1, 7, p < 0.05) and amplitude (F = 8.60, d.f. 1, 
7, p < 0.05) of the SWD rhythm, suggesting that the initial increase 
was followed by a decrease. Subsequent post hoc tests failed to find 
clear differences between days. This might be due to the fact that in 4 
of 8 animals the procedure of fitting the 24-h cosine line to the data 
set from some of the postshift days, mostly from the early period after 
the phase shift, failed to reach significance. This implies that the 
temporal organization of the SWD rhythm, as found during the baseline 
period, was less obvious after the phase delay. 
The mean duration of SWDs was also affected by the phase 
shift: a significant day effect was found (F = 3.13, d.f. 10,70, p < 
0.01); post hoc tests showed that the SWDs lasted longer on postshift 
days 1, 2 and 4 and 10 compared to base-line (all p < 0.05). 
126 
 
 
Figure 2. Mean and SEM of the number of SWDs in the light and dark phase 
(A), the mean duration of SWDs (B), the acrophase of the SWD rhythm (C) 
and the rate of entrainment of the rhythms of general motor activity and SWDs 
(D). Y axis: (A) number of SWDs, (B) seconds, (C) degrees (360 degrees = 
1h, 0 – 180 degrees – the light phase, 181 – 360 degrees – the dark phase), 
(D) day; X axis: (A,B and C) experimental days divided into baseline period (4 
days) and postshift period (10 days), day on which the phase shift was 
produced is not included. * p < 0.05, LSD post hoc tests after ANOVA, mean 
baseline level versus postshift day (A, B and C), * p < 0.05, Student’s t-test 
(D) 
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3.2.1. Spike-wave discharges 
 
The same ANOVA on the number of SWDs showed a significant 
period effect (F = 13.74, d.f. = 2, 14, p < 0.001). Post hoc tests 
showed that there were no significant differences between the 
extended dark and the light phase of the baseline condition; however, 
the rats had less (all p < 0.05) SWDs during the extended dark phase 
and the light phase of the baseline condition compared to the dark 
phase of the baseline condition. 
 
4. Discussion 
 
The process of re-entrainment to an 8-h light phase delay was 
investigated in a genetic animal model of absence epilepsy. Circadian 
parameters of the rhythm of SWDs and the rhythm of general motor 
activity, as well as the number of SWDs and the level of activity, were 
compared before, during and after the time shift. The most prominent 
changes were an advance of the acrophase of both rhythms, followed 
by a gradual synchronization to the new photoperiod, as well as an 
aggravation of epileptic activity. The speed and character of 
entrainment of the investigated rhythms were found to be different. 
General motor activity entrained faster and steadily, while the rhythm 
of SWDs, temporarily synchronized after the third postshift day, 
completed the process significantly later. 
The effect of an abrupt shift of the light-dark cycle on the 
circadian rhythm of motor activity is well established. The magnitude 
of changes caused by the shift depends on its amount and direction 
(Wever, 1966). Generally, disturbances caused by phase delays are 
managed faster than those caused by phase advances. The process of 
reentrainment after a 6-, 8- or 10-h phase delay took 2, 4 or 6 days, 
respectively, in albino strains of rats (Takamure et al. 1991, Marumoto 
128 
et al, 1996; Yamazaki et al., 2000; Nagano et al., 2003). In the present 
study, the acrophase of general motor activity of the rats reached the 
baseline level on the sixth postshift day, which, although 2 days longer 
and perhaps due to the complex phenotype (epilepsy and comorbidity 
of depression), remains in accordance with the above-cited studies. 
Interestingly, there were no differences in the speed of entrainment or 
any other circadian parameters between rats with the highest and 
lowest number of absences. 
Apart from the timing of the acrophase, also the phase-related 
distribution of motor activity was changed. For 8 days after the phase 
shift, nocturnal activity of WAG/Rij rats was decreased, whereas the 
level of daytime activity was elevated for 4 days. Similar results were 
obtained in mice after a light-dark cycle reversal: nocturnal activity 
was decreased 4 - 8 days after the shift, whereas a significant 
difference between nocturnal and diurnal activity was reestablished on 
days 4 - 7 dependent on the strain (Kopp et al. 1998). In addition, 
Wistar rats subjected to a 10-h phase delay showed an increased 
daytime and reduced nocturnal activity. The phase-related distribution 
of activity reached the baseline level on sixth day after the shift 
(Nagano 2003). Despite small differences, the process of 
synchronization of the general motor activity to the shifted photoperiod 
in WAG/Rij rats shares characteristics in common with other strains of 
nocturnal rodents. 
The entrainment of the circadian rhythm of absence seizures to 
a phase shift in the light-dark cycle was not previously investigated, 
neither in man nor in rats. During the baseline condition, a clear 24-h 
rhythm of SWDs was observed in all WAG/Rij rats. The shape of the 
rhythm (localization of minimum and maximum, phase related number 
of SWDs), together with its circadian parameters, confirmed previous 
findings (van Luijtelaar & Coenen, 1988; Smyk et al., 2011). A 
response to an 8-h phase delay shared some common features with 
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the process of entrainment of the general motor activity rhythm. In 
both rhythms, an advance of the acrophase and a redistribution of the 
phase-related motor and epileptic activity took place. However, the 
speed and the nature of the entrainment of the motor and SWD rhythm 
were rather different. 
The acrophase of the rhythm of SWD was immediately advanced 
on the first postshift day and was localized in the middle of the light 
phase, instead of the beginning of the dark phase. The entrainment to 
the new photoperiod took 8 days, during which a transient 
synchronization on the fourth postshift day was observed, followed by 
a subsequent shift from the baseline level, and finally, by a completion 
of the process. Therefore, the rate of the entrainment and the course 
of synchronization were different between the rhythms of SWDs and 
general motor activity. In our previous study performed in constant 
condition, an internal desynchronization between these two rhythms 
was observed, suggesting distinct mechanisms responsible for their 
entrainment (Smyk et al., 2011). The phenomenon of 
desynchronization between circadian oscillators and rhythms after the 
phase shift has also been described by others. The process of 
reentrainment of central and peripheral oscillators in transgenic rats 
was completed at first in the SCN, and then in peripheral tissues 
(Yamazaki et al., 2000). The SCN of the rat, known to consist of the 
photosensitive ventrolateral and nonphotosensitive dorsomedial part, 
followed the transient internal desynchronization as a result of the 
phase shift (Nagano et al., 2003; Lee et al., 2009). The ventrolateral 
SCN shifted immediately, whereas the dorsomedial SCN required 6 
days to reach the new phase. Differences in the rate of entrainment 
within these two parts of the SCN are reflected in desynchronization 
between the rhythms of slow-wave sleep and REM sleep controlled by 
these morphologically and functionally distinct parts. The proper phase 
angle between these two rhythms of sleep stages is restored on 3 - 5 
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days after the shift (Lee et al., 2009). Different rate of entrainment has 
been reported also for the rhythms of core body temperature and 
locomotor activity in mice subjected to an 8-h phase advance (Satoh 
et al., 2006). The results obtained in the present study support the 
hypothesis about independent slave oscillators for the rhythms of 
SWDs and motor activity (Smyk et al., 2011). Both rhythms are 
controlled by and synchronized to the master circadian pacemaker 
under the 12:12 h light-dark cycle that controls the rhythms, whereas 
they act independently to reestablish a proper phase relationship with 
the SCN and the Zeitgebers after the phase shift. 
It was previously observed that these two rhythms/oscillators 
differ in their robustness, both, in the entrained and in the constant 
condition (Smyk et al., 2011). The rhythm of general motor activity 
was found to be more robust than the SWD rhythm. These differences 
might contribute to the different course of the entrainment to the phase 
shift observed in the present study. It is proposed that a strong, robust 
rhythm of motor activity synchronized faster and steadily, whereas the 
weaker rhythm of SWDs entrained slower. Moreover, the phase shift 
itself was found to disrupt the rhythmic occurrence of seizures as some 
animals lost their rhythmicity in SWDs during the early stages of 
entrainment, similarly as this was reported for peripheral oscillators 
(Yamazaki et al., 2000). In the present study, in contrast to the 
outcomes of the analysis of SWDs, a non significant circadian pattern 
for motor activity was never observed at any of the stages of 
entrainment. 
After 8 hr light phase delay, epileptic activity, measured by the 
number and mean duration of SWDs, was found to be elevated. The 
prolonged increase in the number of seizures was accompanied by a 
redistribution of the phase-related number of SWDs, a phenomenon 
described above for the rhythm of general motor activity. However, 
contrary to motor activity, the phase inversion lasted longer, whereas 
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the significant difference between phases was reestablished later. The 
steady increase in SWDs was also found when rats were kept in 
constant dim light conditions compared to the baseline 12:12 h light-
dark cycle (Smyk et al. 2011). This increase was partially attributed to 
a declined motor activity, since SWDs are most numerous during 
immobile behavior (Drinkenburg et al., 1991). In the present study, 
the increase of the number of SWD was seen mainly in the light phase. 
At the same time, the diurnal level of motor activity was above baseline 
level, which suggests that other factors contribute to this phenomenon, 
since high levels of locomotor activity are incompatible with the 
occurrence of absence seizures. Melatonin and corticosterone are 
endogenous substances known to affect SWDs (Sandyk, 1992; 
Kldiashvili et al., 2001; Schridde & van Luijtelaar, 2004). Both 
conditions: constant dim light and phase shift, are known to alter 
circadian rhythms and the level of their secretion. The melatonin 
rhythm in the rat is disrupted or diminished in constant dim light and 
also during a few days after the phase shift (Humlova & Illnerova, 
1990; Fukuhara et al., 2005; Liu & Borjigin, 2005; Aguzzi et al., 2006). 
In addition, the level of corticosterone in the rat is elevated and the 
circadian rhythm of its secretion is changed after an experimentally 
induced let lag (Mohawk et al., 2007). Melatonin and corticosterone 
have been reported to exert opposite effect on absence seizures in 
WAG/Rij rats: attenuating and aggravating, respectively. However, the 
role of these hormones in the process of entrainment of the SWD 
rhythm to the new photoperiod is not known and should be clarified in 
future studies. 
The analysis of eight additional hours of darkness preceding the 
phase shift, revealed no differences in the level of activity and the 
number of SWDs between this period and the corresponding hours of 
the light phase. Regardless of the photic information, rats showed 
passive behavior. The phase shift day consisted of 32 hours, 12 light 
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and 20 dark hours, which is far outside the range of entrainment for 
the rat (Stephan, 1983; Madrid et al., 1998). When the limit is 
exceeded, the circadian timing system cannot synchronize to the 
Zeitgeber and starts free running (Bünning, 1964; Herzog & Schwartz, 
2002). Diurnal behavior in both motor and epileptic activity, during the 
extended dark period, is a sign of a free-running state of the circadian 
timing system of WAG/Rij rats. After an artificially long, 32-h day, the 
12:12 h light-dark cycle has been regularly imposed on the rats till the 
end of the experiment. Because the light-dark cycle is one of the 
strongest Zeitgeber, rats gradually synchronize to the new 
photoperiod. 
In conclusion, the present study demonstrates that the 
circadian rhythms of SWDs and general motor activity are controlled 
independently by distinct slave oscillators. Rhythms are under the 
control of the master circadian pacemaker (SCN) and are coupled to 
each other in the entrained condition. The phase shift induces internal 
desynchronization and the rhythms show different rates of 
entrainment. The strong robust motor activity rhythm stabilizes first, 
while the weaker rhythm of SWD adapts more slowly. Internal 
desynchronization is thought to be responsible for complaints 
associated with jet lag. Here it is shown that absences increase 
especially during the day as a consequence to an experimental 
manipulation resembling jet lag. This finding might be important for 
people with epilepsy, undergoing rapid time shifts. 
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Abstract 
 
Rapid changes in photoperiod lead to desynchonization of 
circadian rhythms, its consequences require a considerable amount of 
time to overcome. Timed administration of melatonin or its agonists 
was found beneficial in accelerating re-synchronization. The aim of the 
present study was to investigate whether and how the various sleep-
wake states and absence seizures re-adapt to an 8h phase delay and 
whether the melatonin agonist agomelatine affects the speed of re-
entrainment of the different sleep-wake states. 
Two experiments were conducted: an acute pharmacological 
study towards the effects of various doses of agomelatine on sleep-
wake states and absence seizures. Next, chronic administration was 
investigated following an 8 h phase delay. Both experiments were done 
in symptomatic male WAG/Rij rats, a strain endowed with hundreds 
spike-wave discharges (SWDs) daily. Simultaneous 
electroencephalographic (EEG) and electromyographic (EMG) 
recordings were made during 3 days in the acute and 11 days in the 
chronic study. 
Agomelatine showed neither an effect on sleep-wake 
parameters in the acute study, nor affected the SWDs and re-
entrainment process in the chronic study. Sleep-wake and SWDs 
rhythms were advanced immediately as a result of the 8 h delay of the 
light phase. The magnitude of an advance and the speed of subsequent 
re-entrainment were different for various rhythms. Coupling between 
active wakefulness and deep slow-wave sleep, as well as, SWDs and 
light slow-wave sleep was observed. A post-shift increase in passive 
wakefulness and a reduction in deep slow-wave sleep resulted in an 
aggravation of epileptic activity during the light phase. 
Different speed of re-entrainment and coupling between various 
rhythms suggest that SWDs and light slow-wave sleep are controlled 
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by common circadian mechanism distinct from that for active 
wakefulness and deep slow-wave sleep. The increase in the number of 
seizures after the phase shift may be of significant importance for 
people with epilepsy planning long trans-meridian flight. 
 
Keywords: absence epilepsy, WAG/Rij rats, sleep-wake states, 
circadian desynchronization, phase delay 
 
1. Introduction 
 
Rhythmic occurrence of mammalian physiological and 
behavioral processes results from daily entrainment of the circadian 
timing system to environmental changes (Zeitgebers) (Pittendrigh, 
1981). True entrainment, a stable phase relationship between the 
rhythm and the Zeitgeber cycle, is crucial for organism’s adaptation, 
survival and well-being (Dodd et al., 2005). Misalignments caused by 
rapid shifts in the timing of the light-dark cycle, lead to circadian 
desynchronization, negative consequences of which were described in 
people crossing more than two time zones with a jet, shift workers and 
also in animal models (Arendt and Marks, 1982; Winget at al., 1984; 
Lancel and Kerkhof, 1989; Knutsson, 2013 ). Re-synchronization after 
the shift needs considerable amount of time, different for various 
functions and rhythms (Yamazaki et al., 2000; Lemmer et al., 2002; 
Nagano et al., 2003). One of the most popular coping strategies for 
circadian disturbances is the usage of exogenous melatonin; it has 
been found beneficial in accelerating a re-entrainment process and 
therefore ameliorating symptoms of jet lag syndrome both in human 
and animals (Illnerova et al., 1989; Golombek and Cardinali, 1993; 
Sharma et al., 1999). 
The consequences of internal desynchronization caused by the 
transfer to constant dim light condition and by an 8 h phase delay in 
141 
the light-dark cycle in WAG/Rij rats, a well-known, validated, genetic 
animal model of childhood absence epilepsy (CAE) (Depaulis and van 
Luijtelaar, 2006) have been described. The occurrence of absence 
seizures, marked by the presence of short-lasting, bilateral and 
synchronous spike-wave discharges (SWDs) in the 
electroencephalogram (EEG), is organized into a 24 h rhythm with a 
maximum taking place during the dark phase and minimum occurring 
at the beginning of the light phase of 12:12 light-dark cycle (van 
Luijtelaar and Coenen, 1988). In the absence of entrainment (constant 
condition of dim light and the phase-shift mentioned above), the 
rhythm of SWDs was found to desynchronize from the rhythm of motor 
activity, to which it was tightly coupled under standard laboratory 
conditions (Smyk et al. 2011; Smyk et al. 2012). Opposite to a gradual, 
stable re-entrainment of the motor activity to the shifted photoperiod 
which was completed after 6 days, re-synchronization of the rhythm of 
SWDs was longer and irregular. Moreover in both conditions (dim light 
and after the phase shift), the lack of entrainment resulted in an 
enhancement of epileptic activity (Smyk et al. 2011; Smyk et al. 2012). 
Considering a close relationship between the occurrence of absence 
seizures and sleep-wake states (Drinkenburg et al., 1991), we aimed 
to establish to which sleep-wake states rhythm, if any, SWDs is coupled 
during re-synchronization process. 
Agomelatine is a newly introduced antidepressant with 
chronobiotic properties. This melatonin naphthalene analogue is a 
potent agonist of melatonin receptors subtypes 1 and 2 (MT1, MT2) 
and antagonist of serotonin receptor subtype 2 (5-HT2C) (de Bodinat 
et al., 2010). Antidepressant action of agomelatine has been shown 
both in animal studies and clinical trials (Loo et al., 2002; Papp et al., 
2003; Bourin et al., 2004; Bertaina-Anglade et al., 2006; Goodwin et 
al., 2009). Chronobiotic properties of the drug have been reported in 
rats kept in constant darkness, in which activity rhythm entrained to 
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daily administration of agomelatine coinciding with the activity onset 
(Martinet et al., 1996). Phase-advancing effect of agomelatine, similar 
to this obtained for melatonin, in an 8 h phase advance paradigm 
resembling jet-lag were described (Redman et al., 1995). The 
compound reinstates circadian rhythms in aged rodents and normalizes 
disrupted sleep-wake cycle in trypanosome-infected rats (Koster-van 
Hoffer et al., 1993; Grassi-Zucconi et al., 1996; van Reeth et al., 
2001).  The second goal of the present study was to investigate an 
effect of chronic administration of various doses of agomelatine on the 
course of re-entrainment of the rhythms of SWDs and sleep-wake 
states to the 8 h phase delay. Melatonin  affects epileptic activity in 
various seizure and epilepsy models (Lapin et al., 1998; Musshoff and 
Speckmann, 2003; Yildirim and Marangoz, 2006); also agomelatine 
showed anticonvulsant activity in PTZ induced seizures and in the 
pilocarpine induced status epilepticus model of temporal lobe epilepsy 
(Aguiar et al. 2012).  Melatonin and agomelatine may alter sleep-wake 
architecture in the rat (Fisher et al., 2008; Descamps et al., 2009). 
Considering the potential hypnotic and antiepileptic effect of 
agomelatine, our chronic experiment was preceded by an acute study, 
which allowed to entangle the putative effects of agomelatine on sleep 
and epilepsy and the effects of the light phase delay on re-entrainment. 
Here the effect of a single administration of various doses of 
agomelatine on the number and mean duration of SWDs, on sleep-
wake states and circadian parameters of the rhythms of SWDs and 
sleep-wake states was investigated. 
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2. Materials and methods 
 
2.1. Animals 
 
32 male, adult (8 months of age) WAG/Rij rats purchased from 
Harlan (Harlan, the Netherlands), 315 g ± 12g of weight, were used. 
Animals were singly-housed in individually ventilated Plexiglas cages 
(25 x 22 x 18 cm) in a sound-attenuated room and controlled 
environmental conditions (temperature: 22 ± 2 C, humidity: 60%, 
12:12 light-dark cycle, white lights on at 5 am off at 5 pm , light 
intensity: ≈ 100 lux) throughout the experiment as well as during 
recovery period after the surgery. The exception was the shifted LD 
cycle after the phase delay (see chronic study), then the lights were 
on 1 pm and off at 1 am. Standard laboratory chow and tap water were 
available ad libitum. All experimental procedures were approved by the 
animal use and care committee of Janssen Research and Development, 
Pharmaceutical Companies of Johnson & Johnson and the local ethical 
committee. 
 
2.2. Surgery 
 
Animals underwent stereotactic surgery under deep isoflurane 
anesthesia. Seven stainless steel fixing screws (diameter 1 mm) were 
inserted bilaterally in the left and right hemisphere along the antero-
posterior axes in the following coordinates: AP +2 mm, L +/– 2 mm; 
AP -2 mm, L +/-2 mm and AP -6.6 mm , L +/- 2 mm from Bregma; 
and referenced to the same ground electrode place midline above of 
the cerebellum. The incisor bar was –5 mm under the center of the ear 
bar, according to the stereotactic atlas of Paxinos and Watson. In 
addition, stainless steel wires electrodes were placed in the muscles of 
the neck to record EMG activity. Electrodes (stainless steel wire, 
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7N51465T5TLT, 51/46 Teflon Bilaney, Germany) were connected to a 
pin (Future Electronics: 0672-2-15-15-30-27-10-0) with a small insert 
(track pins; Dataflex: TRP-1558-0000) and were fit into a 10-holes 
connector then the whole assembly was fixed with dental cement to 
the cranium. Rats were allowed to recover for 10 days after surgery. 
 
2.3. EEG and EMG recordings 
 
Rats, while staying in their home cages, were placed in sound-
attenuated, individually ventilated recording boxes and connected by a 
cable to rotating swivels, allowing free movement during recording 
procedures. Rats were allowed to habituate to the recording set-up for 
24hr preceding experiments. Continuous EEG and EMG signals were 
acquired at 2 kHz sample rate with an input range of +/- 500 mV 
through a Biosemi ActiveTwo system (Biosemi, Amsterdam, the 
Netherlands) referenced to the CMS-DRL ground (common mode 
reference for online data acquisition and impedance measures, which 
is a feedback loop driving the average potential across the montage 
close to the amplifier zero). The signals were amplified and analogue 
band-pass filtered between 1 and 100 Hz and were digitized with 24 
bit resolution. 
 
2.4. Pharmacological treatment 
 
Saline, agomelatine (Sigma-Aldrich, Belgium) in doses of 2.5, 5 
and 10 mg/kg dissolved in 20% cyclodextrin (Sigma-Aldrich, Belgium) 
and 20% cyclodextrin alone were administrated orally 1 h before the 
onset of darkness. 
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2.5. Experimental design 
 
The acute study consisted of 3 experimental days. Each day 
consisted of 24 h of simultaneous and continuous EEG and EMG 
recordings. Recordings started at the last hour of the light phase during 
which injections or sham administration took place, then they were 
continued by 12 h of the dark phase and 11 h of the light phase. 
Animals were randomly assigned to 4 groups (n=8 rats each): control 
group, 2.5, 5 and 10 mg/kg group of agomelatine, respectively. On the 
first, baseline day, all rats received saline. On the second, treatment 
day, animals received agomelatine in 3 doses: 2.5, 5 and 10 mg/kg, 
rats of the control group were injected with vehicle.  On the third, post-
treatment day, oral administration of a compound was mimicked by 
picking up animals from their cages without usage of feeding tubes and 
pharmaceutical agents. 
 The chronic study consisted of 11 experimental days and 1 
period of extended darkness. Recording schedule was the same as in 
the acute study. Again, rats were randomly assigned to 4 groups (n=8 
rats each): control group, 2.5, 5 and 10 mg/kg of agomelatine, 
respectively. On the first baseline day, all animals received saline (oral 
administration) 1 h before the onset of darkness. After that day, an 8 
h phase shift in the light-dark cycle was introduced by extending the 
subsequent dark period from 12 to 20 hr. Recordings were continued 
for 10 consecutive, post-shift days starting from the last hour of the 
light phase of the shifted photoperiod. Every day, at the last hour of 
the light phase (1 h before the onset of darkness), animals were given 
agomelatine, while animals of the control group received vehicle. Due 
to a crash of the recording system, the data of the second post-shift 
day were lost and are missing from the analysis. 
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2.6. Data analysis 
 
Five sleep-wake states were automatically identified in 2 sec 
epochs: active wakefulness, passive wakefulness, light and deep slow-
wave sleep and rapid-eye-movement sleep (REM), based on EEG, EMG 
and body movements (PIR detection) following validated criteria 
(Ahnaou and Drinkenburg, 2011). 
The number and duration of SWDs across 24 h was scored 
automatically based on the EEG signal from a frontal electrode against 
reference according to well-established criteria, next they were verified 
visually based on criteria published elsewhere (van Luijtelaar and 
Coenen, 1986; Ovchinnikov et al., 2010). 
Data from 24 h days of both acute and chronic experiment: time 
spent in one of the five sleep-wake states (expressed in min.), number 
and mean duration of SWDs (duration expressed in sec.) were grouped 
into 1 h bin. Each hour of baseline day was compared with 
corresponding hours of the treatment and post-treatment days in the 
acute, and 10 post-shift days in the chronic study, respectively. 
To estimate circadian parameter acrophase of the rhythms of 
sleep-wake states and SWDs, data were grouped into 6 min bin, as 
previously described (Smyk et al., 2012). Cosine wave of a fixed period 
length of 24 h was fit to each of 3 days of the acute study, baseline 
and post-shift days of the chronic study (program Cosinor available at 
http://www.circadian.org/softwar.html). The phase relationship 
between different rhythms during baseline and post-shift days of the 
chronic study was determined as a difference between their acrophases 
(in degrees) on a particular experimental day. Significant difference 
from the baseline value of the phase relationship between rhythms 
during post-shift days was interpreted as desynchronization between 
rhythms. 
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Additionally, the period of extended darkness (8 h before the 
new light onset) of the chronic study was analyzed. Each hour of the 
total time of particular sleep-wake states and number of SWDs in the 
extended darkness was compared with corresponding hours of the 
beginning of the light and the dark phase of the baseline day. 
 
2.7. Statistical analysis 
 
Statistical analyses were done in Statistica (StatSoft, Inc., 
Tulsa, Oklahoma, USA). Repeated measures analysis of variance 
(ANOVA) were used to estimate dose (4 levels), hour (24 levels) and 
day (3 levels: baseline, treatment and post-treatment day) effect of 
agomelatine treatment, on total duration of the five sleep-wake states, 
mean duration and number of SWDs in the acute study, and dose (4 
levels), phase (light and dark) and day (10 levels) effect of the phase 
shift and agomelatine treatment in the chronic experiment. Repeated 
measures ANOVA were also used to estimate the dose and day effect 
of agomelatine treatment on circadian parameters of the rhythms of 
sleep-wake states and SWDs in both studies as well as to compare the 
period of extended darkness, the beginning of the light and the dark 
phase and phase relationship between rhythms. Bonferroni’s test was 
used as post-hoc test. Differences were considered to be significant at 
a p level < 0.05. 
 
3. Results 
 
3.1. Acute study 
 
In all sleep-wake states investigated, an hour effect was 
observed (active wakefulness: F = 235.32, passive wakefulness: F = 
37.53, light slow-wave sleep: F = 385.21, deep slow-wave sleep: F = 
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241.82, REM sleep: F = 72.98 and SWDs: F = 53.864, all df = 23, 644, 
all p < 0.05). In all sleep-wake states (except light slow-wave sleep) 
and number of SWDs, a day effect was found (active wakefulness: F = 
15.48, passive wakefulness: F = 9.96, deep slow-wave sleep: F = 
14.11, REM sleep: F = 30.32 and SWDs: F = 9.76, all df = 2, 56, all p 
< 0.05). Post-hoc tests following the day effect indicated a small 
increase in passive wakefulness on the treatment day in comparison 
with the baseline and the post-treatment day (5.95 ± 0.90 min vs 5.62 
± 0.86 min and 5.95 ± 0.81 min, treatment vs baseline and post-
treatment day, respectively, all p <0.05) and a small elevation of REM 
sleep, both on treatment and post-treatment day (7.41 ± 0.74 and 
7.81 ± 0.82 min vs 7.17 ± 0.79 min, treatment and post-treatment vs 
baseline day, respectively, all p < 0.05). A decrease on the treatment 
day was found for deep slow-wave sleep and number of SWDs (15.31 
± 0.70 min vs 15.81 ± 0.74 and 15.90 ± 0.80 min, treatment vs 
baseline and post-treatment day, respectively for deep slow-wave 
sleep, all p < 0.05; 15.01 ± 2.31 vs 17.09 ± 2.32 and 16.90 ± 2.95, 
treatment vs baseline and post-treatment day, respectively for the 
number of SWDs), while active wakefulness last shorter only on post-
treatment day (18.76 ± 1.19 min vs 19.46 ± 1.15 and 19.78 ±1.31 
min, post-treatment vs baseline and treatment day, respectively). A 
significant day x hour interaction was found for all variables 
investigated (active wakefulness: F = 5.18, passive wakefulness: F = 
4.80, light slow-wave sleep: F = 4.93, deep slow-wave sleep: F = 4.70, 
REM sleep: F = 7.57 and SWDs: F = 8.18, all df’s = 46, 1288; all p < 
0.05). Post-hoc comparison between baseline and treatment day 
revealed significant differences for single hours only: 6th hour after 
administration of agomelatine for active wakefulness (38.06 ± 1.26 
min vs 30.73 ± 1.19 min, treatment vs baseline day, p < 0.05), 12th 
for passive wakefulness (7.85 ± 0.31 min vs 5.46 ± 0.31 min, 
treatment vs baseline day, p < 0.05), 1st, 6th and 24th for light slow-
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wave sleep (9.36 ± 0.36 min vs 11.72 ± 0.41; 2.78 ± 0.25 min vs 
5.32 ± 0.29 min; 14.51 ± 0.38 min vs 10.30 ± 0.34 min, treatment 
vs baseline day for 1st, 6th and 24th hour, respectively, all p < 0.05), 
24th for deep-slow wave sleep (15.67 ± 0.40 min vs 10.61 ± 0.58 min, 
treatment vs baseline day, p < 0.05) and 2nd hour for REM sleep 
(10.43 ± 0.56 min vs 13.45 ± 0.52 min, treatment vs baseline day, p 
< 0.05). However, the number of SWDs was decreased for 4 
consecutive hours (4th, 6th – 8th) on the treatment day compared to 
baseline and post-treatment day (4th hour: 25.56 ± 2.13 vs 15.94 ± 
1.17 treatment vs baseline day, p < 0.05; 6th hour: 14.65 ± 1.50 vs 
29.16 ± 1.71 and 30.87 ± 2.92, treatment vs baseline and post-
treatment day, all p < 0.05; 7th hour: 14.91 ± 1.35 vs 31.28 ± 2.53 
and 32.91 ± 2.11, treatment vs baseline and post-treatment day, all p 
< 0.05; 18.34 ± 1.81 vs 34.09 ± 2.26 and 29.06 ± 1.98, treatment vs 
baseline and post-treatment day, all p < 0.05). 
There was neither a dose nor a dose and day interaction, nor 
between day, dose and hours, as could have been predicted in case 
agomelatine affected sleep-wake states or the number of SWD in a 
couple of hours on the treatment day. The data on SWD occurrence 
across the 24h period in all the three days are presented in Figure 1. 
Analysis of acrophase of the rhythms of sleep-wake states and 
SWDs revealed neither a dose effect of agomelatine nor an interaction 
between dose and day. Significant results regarded day effects only 
(active wakefulness: F = 29. 80, df = 2, 56, p < 0.05; deep slow-wave 
sleep: F = 7.09, df = 2, 56, p < 0.05; REM sleep: F = 21.56, df = 2, 
56; SWDs = 14.78, df = 2, 56, p < 0.05). In all cases analyzed, with 
one exception of light slow-wave sleep, which was not affected by 
agomelatine at all, acrophase of the rhythms was slightly advanced on 
the treatment day in comparison to baseline (active wakefulness: 
84.72 ± 1.19 vs 91.62 ± 1.15 degrees; deep slow-wave sleep: 63.04 
± 4.37 vs 84.04 ± 2.77 degrees; REM sleep: 309.19 ± 2.58 vs 329.09 
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± 2.34 degrees; SWDs: 63.04 ± 4.37 vs 84.042.78 degrees, treatment 
day vs baseline, all p < 0.05). The effect noticed at the treatment day 
was still present at the post-treatment day since acrophases of the 
rhythms of active wakefulness, deep slow-wave sleep, REM sleep and 
SWDs were still advanced (all p < 0.05). The acrophase of active 
wakefulness was even more advanced than on the treatment day 
(91.62 ± 1.15 vs 84.72 ± 1.19 vs 80.22 ± 1.18 degrees, baseline vs 
treatment vs post-treatment day, all p < 0.05). 
 
 
 
Figure 1. Mean and SEM of the number of SWDs across 24 h on (A) baseline, 
(B) agomelatine treatment  and (C) post-treatment day  of the acute study. 
Doses: 2.5 mg/kg (n = 8) – green line, 5 mg/kg (n = 8) – blue line, 10 mg/kg 
(n = 8) – red line, control group (n = 8, 20% cyclodextrin) – black line. 
Resolution of the data: 1 h. Mean and SEM (n = 32) of the number of SWDs 
across 24 h during all experimental days of the acute study (D). Baseline day 
– black line, agomelatine treatment day – dark grey line, post-treatment day 
– light grey line. The dark phase of the 12:12 light-dark cycle is marked by the 
grey rectangle 
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3.2. Chronic study 
 
Circadian rhythms in all sleep-wake states and in the occurrence 
of SWDs were found on the baseline day. Rats spent more time in 
active wakefulness during the dark period of 12:12 light-dark cycle 
(337.95 ± 6.31 min vs 129.34 ± 4.20 min, p < 0.05), they had also 
more absence seizures (295.12 ± 31.43 vs 102.38 ±11.72, p < 0.05). 
The light phase was dominated by slow-wave and REM sleep (light 
slow-wave sleep: 152.94 ± 2.22 vs 65.71 ± 1.53 min, deep slow-wave 
sleep: 253.57 ± 3.58 vs 131.18 ± 2.94 min, REM sleep: 93.73 ± 2.62 
vs 75.61 ± 2.20 min, light vs dark, respectively, all p < 0.05). The 
phase-related difference in the total duration of passive wakefulness 
was not significant (72.30 ± 2.64 vs 67.73 ±2.21, dark vs light, p > 
0.05). 
Repeated measures ANOVA for the total time spent in active 
wakefulness in the light and the dark phase over all recorded days 
(baseline and 9 post-shift days) showed a significant day (F = 10.28, 
df = 9, 504, p < 0.05), phase (F = 743.91, df = 1, 56, p < 0.05) and 
an interaction (day x phase) (F = 243.24, df = 9, 504, p < 0.05) effect. 
Significant dose effect and interactions with dose such as dose x phase, 
dose x day and dose x day x phase were not found. Post-hoc 
comparison between days showed that the total duration of active 
wakefulness was decreased at 1st, 3rd and 4th day after the phase 
shift (222.13 ± 4.13 min, 216.07 ± 3.71 min and 222.81 ± 3.79 min 
vs 233.64 ± 4.62 min, all p < 0.05). The phase-shift caused a decrease 
in the duration of active wakefulness in the dark phase accompanied 
by an increase in the light phase which last from 1st to 7th post-shift 
day. Data are presented in Figure 2. 
Repeated measures ANOVA for the total time spent in passive 
wakefulness in the light and the dark phase over all recorded days 
showed a significant day (F = 6.63, df = 9,504, p < 0.05) and an 
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interaction (day x phase) (F = 54.51 df = 9,504, p < 0.05) effect. 
Neither phase and dose effects, nor interactions with dose were found. 
Total duration of passive wakefulness during almost all post-shift days 
(exceptions: 5th, 6th and 8th day) was elevated as revealed by post-
hoc tests (all p’s < 0.05). Also phase-dependent changes were found. 
A robust increase in the duration of passive wakefulness was observed 
in the light phase from 1st to 4th post-shift day (significant increase 
was still observed on 5th and 7th post-shift day, all p’s < 0.05). A 
nocturnal level was decreased on the 1st and 3rd post-shift day and 
also during last 3 days of the experiment (Figure 2). Dose effects and 
interactions: dose x phase, dose x day and dose x day x phase were 
not found. 
Significant day (F = 3.18, df = 9, 504, p < 0.05), phase (F = 
1423.45, df = 1, 56, p < 0.05) and day x phase (12.66, df = 9, 504, p 
< 0.05) effect was found for total duration of light slow-wave sleep 
over all experimental days. Changes of the total time spent in light 
slow-wave sleep in the light and the dark phase were less pronounced 
as in comparison to active and passive wakefulness. Both diurnal and 
nocturnal level of light slow wave sleep was increased and reduced, 
respectively only for 2 days after the phase shift. Data presented in 
Figure 2. 
Analysis of variance of total time spent in deep slow-wave sleep 
showed significant phase (F = 359.56, df = 1, 56, p < 0.05) and day x 
phase interaction effect (F = 472.70, df = 9,504, p < 0.05). Neither 
day nor dose effect were found (F = 1.65, df = 9, 504 and F = 0.65, 
df = 3, 56, respectively, all p’s > 0.05), nor interactions with dose. 
Total duration of deep slow-wave sleep was significantly elevated in 
the dark phase during first 5 days after the phase-shift (216.21 ± 2.70 
min, 198.03 ± 3.02 min, 176.26 ± 3.19 min, 161.74 ± 3.24 min and 
148.85 ± 3.48 min vs 131.18 ± 2.94, 1st, 3rd, 4th, 5th and 6th post-
shift day vs baseline, all p’s < 0.05) while duration in the light phase 
153 
was decreased for four days (162.75 ± 2.84 min, 192.85 ± 3.29 min, 
209.82 ± 3.32 min and 161.74 ± 3.24 min vs 253.57 ± 3.58, 1st, 3rd, 
4th, and 5th post-shift day vs baseline, all p < 0.05). On the first post-
shift day, typical phase-related difference: longer duration of deep 
slow-wave sleep during the dark period was reversed (p < 0.05). The 
restoration took place on 4th post-shift day and stayed significant from 
that moment onwards (all p < 0.05) (Figure 2). 
Repeated measures ANOVA for the total time spent in REM sleep 
in the light and the dark phase over all recorded days showed a 
significant day (F = 12.71, df = 9,504, p < 0.05), phase (F = 17.35, 
df = 1, 56, p < 0.05) and an interaction (day x phase) (F = 28.87 df 
= 9,504, p < 0.05) effect. No dose effect was found, nor an interaction 
with dose. Post-hoc comparison revealed that the duration of REM 
sleep was increased starting from the 1st to 6th post-shift day (all p < 
0.05), while between-phases comparison showed that this is a result 
of elevated level of REM sleep in the dark phase, since large significant 
differences between baseline and post-shift days were found only 
during the darkness (1st – 7th post-shift day, all p < 0.05). 
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Figure 2. Mean and SEM (n = 32) of the (A) total duration of sleep-wake states  
and (B) total duration of sleep-wake states in the light and the dark phase of 
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the 12:12 light-dark cycle before and after an 8 h light phase delay. AW – 
active wakefulness, yellow line; PW – passive wakefulness, red line; SWS L – 
light slow-wave sleep, green line, SWS D – deep slow-wave sleep, dark green 
line, REM – REM sleep, blue line. The light phase is marked by a dotted line, 
the dark phase is marked by a solid line. * p < 0.05, baseline vs post-shift 
days, ANOVA for repeated measures design, Bonferroni post-hoc test 
  
Significant phase (F = 15.52, df = 1, 7, p < 0.05) and day x 
phase interaction (F = 21.04, df = 9, 36, p < 0.05) for the number of 
SWDs, day (F = 3.87, df = 9, 36, p < 0.05) and day x phase interaction 
(F = 3.28, df = 9, 36, p < 0.05) effect for mean duration of SWDs were 
found. Post-hoc tests revealed that in the light phase rats had more 
seizures on first 4 post-shift days in comparison to baseline, while 
during same number of post-shift days in the dark phase absences 
were less numerous (all p < 0.05). Similarly to deep slow-wave sleep 
a phase-related redistribution was seen on the 1st post-shift day, 
however it was not significant (data presented in Figure 3). The mean 
duration of SWDs was increased from 3rd to 4th and post-shift days (p 
< 0.05), with the increase in the light phase (first 3 post-shift days, all 
p < 0.05) as the main contributor to this effect (Figure 3). There was 
no dose effect or interactions with dose on number and mean duration 
of SWDs. 
Circadian rhythmicity was detected in all sleep-wake states and 
the occurrence of SWDs on the baseline day. The acrophase of active 
wakefulness and SWDs was found to occur in the dark phase, while 
light slow-wave sleep, deep slow-wave sleep and REM sleep peaked in 
the light phase. The acrophase of passive wakefulness rhythm was 
found around a light/dark transition (at the end of the light phase in 
some rats while at the beginning of the dark phase in others), 
therefore, not the acrophase per se but the difference in degrees 
between the baseline value and each consecutive day was analyzed. 
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Figure 3. Mean and SEM (n = 8) of the total number and mean duration of 
SWDs (A) and the total number and mean duration of SWDs in the light and 
the dark phase of the 12:12 light-dark cycle (B) before and after an 8 h light 
phase delay. The light phase is marked by a dotted line, the dark phase is 
marked by a solid line. * p < 0.05, baseline vs post-shift days, ANOVA for 
repeated measures design, Bonferroni post-hoc test 
 
In general, dose effect of agomelatine and its interactions were 
not found in acrophases of the rhythms investigated. To avoid that the 
outcomes of circadian analyses were overpowered by the large number 
of animals (n = 32), only the data from the control group (n = 8) were 
used to illustrate the process of re-entrainment of various rhythms to 
the phase shift. Analysis of variance (ANOVA, repeated measures 
design) for the rhythms of sleep-wake states and SWDs over all 
experimental days (baseline and 9 post-shift days) showed that the 
position of acrophase changed over days in all states and SWDs with 
an exception of passive wakefulness (active wakefulness: F = 118.44, 
light slow-wave sleep: F = 67.88, deep slow-wave sleep: F = 99.06, 
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REM sleep: 13.92, SWDs: F = 10.08, all df = 9, 63, all p < 0.05). 8 h 
phase shift in the 12:12 light dark cycle caused an advanced of all 
acrophases of 72.95 ± 25.07 degrees (active wakefulness: from 81.50 
± 2.41 to 12.38 ± 2.90 degrees, light slow-wave sleep: from 274.50 
± 1.94 to 228.25 ± 2.28 degrees, deep slow-wave sleep: from 226.87 
± 2.96 to 156.12 ± 1.88 degrees, REM sleep: from 315.75 ± 4.03 to 
180.12 ± 11.43 degrees and SWDs: from 65.25 ± 6.44 to 19.25 ± 
3.65 degrees). Phase-shift magnitude (the difference between the 
position of acrophase between the baseline and the 1st phase-shift 
day) was different for the different sleep-wake states (one-way ANOVA 
with sleep-wake states-SWD as between subjects factor: F = 25.95, df 
= 4, 35; p < 0.05). Post-hoc tests revealed that although the 
acrophase of REM sleep was affected the most, REM sleep 
accomplished the largest daily shifts (REM sleep vs remaining sleep-
wake states and SWDs, all p < 0.05) and was the fastest to re-entrain: 
the acrophase of the REM rhythm was no longer different from baseline 
level on the 6th post-shift day. Light slow-wave sleep and SWDs 
reached the baseline values on the 7th day after the shift. Active 
wakefulness and deep slow-wave sleep showed similar speeds of re-
entrainment. However, their re-synchronization took one day longer 
and was accomplished on the 8th post-shift day. Data are presented in 
Figure 4. During the re-synchronization process, circadian rhythmicity, 
determined by a significant fit of the cosine curve to the data, was 
present in all animals, during all experimental days after the phase-
shift in following variables: active wakefulness, light and deep slow-
wave sleep. Circadian rhythms of the number of SWDs, passive 
wakefulness, and REM sleep could not be well fitted by a cosine and 
therefore it is suggested that these rhythms showed a poor temporarily 
organization. Two latter states showed the greatest abnormalities: 
even on the 10th post-shift day, the expression of passive wakefulness 
and REM sleep in some rats was not rhythmic. 
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Analysis of variance (ANOVA, repeated measures design) for the 
phase relationships between rhythms of sleep-wake states and SWDs 
over all experimental days (baseline and 9 post-shift days) showed 
significant day effect in all variables investigated (active wakefulness - 
light slow-wave sleep: F = 10.06, active wakefulness - deep slow-wave 
sleep: F = 2.75, active wakefulness - REM sleep: F = 4.56; light slow-
wave sleep - deep slow-wave sleep: F = 8.68, light slow-wave sleep - 
SWDs: F = 8.68, deep slow-wave sleep - REM sleep: F = 8.27, deep 
slow-wave sleep - SWDs: F = 5.59; REM sleep - SWDs: F = 6.34; all 
df = 9, 63, all p < 0.05) with two exceptions: relationship between 
active wakefulness and SWDs, where it just failed to reach significance 
(F = 2.03, df = 9, 63; p = 0.05) and relationship between light slow-
wave and REM sleep (F = 1.63, df = 9, 63; p > 0.05). Post-hoc 
comparison revealed that the phase relationship between active-
wakefulness and light slow-wave sleep changed across the days after 
the phase shift:  from 1st to 5th, 7th and 9th post-shift day. Difference 
between acrophases of light and deep slow-wave sleep was changed 
for 3 days after the shift and additionally on the 5th post-shift day, 
while alterations in phase relationship between active wakefulness and 
REM sleep, light and deep slow-wave sleep, deep slow-wave sleep and 
SWDs, REM sleep and SWDs lasted for 3 days after the phase shift. 
Post-hoc comparison revealed no changes over days in a phase 
relationship between active wakefulness and deep slow-wave sleep, as 
well as light slow-wave sleep and SWDs. 
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Figure 4. Mean and SEM (n = 8) of the total duration of sleep-wake states and 
number of SWDs during the baseline and all post-shift days (upper panel). 
Data resolution: 1 h. Mean and SEM (n = 8) of the acrophase of vigilance and 
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SWDs rhythms during the baseline and after an 8 h light phase delay (lower 
panel). Active wakefulness – orange line, passive wakefulness – red line, light 
slow-wave sleep – green line, deep slow-wave sleep – dark green line, REM 
sleep – blue line, SWDs – black line. The dark phase of the 12:12 light-dark 
cycle is marked by the grey rectangle. * p < 0.05, baseline vs post-shift days, 
ANOVA for repeated measures design, Bonferroni post-hoc test 
 
Analysis of the period of extended darkness for all animals 
revealed a phase, an hour and an hour x phase interaction effect. Post-
hoc comparison between phases showed that the total time spent in 
active and passive wakefulness, deep slow-wave sleep and also 
number of SWDs recorded during extended darkness resembles the 
light phase of the baseline and is significantly different from the dark 
phase of the baseline (all p < 0.05, data presented in Figure 5). The 
response of light slow-wave and REM sleep to an unusual extension of 
the dark phase was quite different. Total time spent in light slow-wave 
sleep during the extended dark period was greater than during the dark 
phase (8.65 ± 0.16 vs 5.28 ± 0.16 min, p < 0.05) but smaller than 
during the light phase (8.65 ± 0.16 vs 12.63 ± 0.16 min, p < 0.05). 
Total time of REM sleep during the extended darkness was significantly 
longer in comparison to the light and dark baseline periods (10.29 ± 
0.20 vs 7.01 ± 0.20 and 5.84 ± 0.16 min, extended darkness vs light 
and the dark phase, respectively, all p < 0.05). Detailed, hour by hour 
comparisons between phases are presented in Figure 5. 
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Figure 5. Mean and SEM (n = 32) of the total duration of active wakefulness 
(A), passive wakefulness (B), light slow-wave sleep (C), deep slow-wave sleep 
(D), REM sleep (E) and the number of SWDs (F) (upper panels) during the 8 
first hours of the baseline light phase, the 8 first hours of the baseline dark 
phase and 8 hours of the extended darkness on the phase-shift day. Mean and 
SEM (n = 32) of the total duration of vigilance states and the number of SWDs 
in particular hours of the phases (lower panels). The light phase – grey 
line/block, the dark phase – black line/block, extended dark period – dark 
green line/block. *, # p < 0.05 extended darkness vs dark phase, extended 
darkness vs light phase, respectively, ANOVA for repeated measures design, 
Bonferroni post-hoc test 
 
4. Discussion 
 
Re-synchronization of various sleep-wake states and absence 
seizures to an 8 h light phase delay was investigated in a validated 
animal model of CAE. Main questions addressed by the study were: 
how fast different sleep-wake states and SWDs re-synchronize to a 
shifted photoperiod and whether, given a well-established relationship 
between absences and sleep-wake states, the rhythm of SWDs is 
coupled to any of the other rhythms. Second goal was to evaluate the 
effect of agomelatine, an antidepressant drug with chronobiotic 
properties, on the duration of sleep-wake states and the number of 
SWDs during stable entrainment (acute study) and after the phase shift 
(chronic study). 
Different speeds of the re-entrainment of sleep-wake states and 
SWDs rhythms, coupling between various rhythms during the re-
synchronization process, different effect of the prolonged darkness on 
the rhythms and a lack of effects of agomelatine neither in the acute, 
nor in the chronic experiment comprise the main findings of the present 
study. 
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4.1. Course of re-entrainment of the sleep-wake states 
and SWDs rhythms 
 
Physiological consequences of circadian misalignments 
produced by rapid phase shifts in the photoperiod are well documented 
both in humans as well as in animal models (Winget et al., 1984; Lancel 
and Kerkhof, 1989). The number of hours and the direction of the shift 
(advance vs. delay) are critical for a speed of subsequent re-
entrainment (Wever, 1966). In general, phase delay adjustments 
corresponding to westward travels are accomplished faster than phase 
advances, an equivalent of eastward travels (Lemmer et al., 2002; 
Murphy et al., 1998; Reddy et al., 2002; Yan, 2011). Within the limits 
of one direction of the shift, distinct rhythms may re-entrain with 
different speed. An internal desynchronization between circadian 
oscillators and rhythms is quite common (Nagano et al., 2003; Lee et 
al., 2009). In the present study, an 8 h light phase delay was produced 
by extending the dark period from 12 to 20 h. As a result, all rhythms 
investigated were found to be advanced with respect to the new 
photoperiod. Changes in total duration and phase-related distribution 
of all sleep-wake states, number and mean duration of SWDs were 
found. 
 
4.1.1. Active wakefulness 
 
Animal studies investigating re-entrainment of all sleep-wake 
states after the phase shift are scarce. Usually only active wakefulness 
or general activity, measured by means of passive infrared sensors or 
telemetrically, or wheel running activity across days are reported. In 
general, the time required for re-entrainment of these rhythms (in 
days) is smaller than the number of hours by which the phase was 
delayed (Takamure et al., 1991; Yamazaki et al., 2000). In rodents, 
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the re-entrainment process was accompanied by a redistribution of 
activity between the new light and the dark period (Kopp et al., 1998; 
Nagano et al., 2003). In our previous study in which the same phase 
shift paradigm in WAG/Rij rats was used, re-synchronization of general 
motor activity was complete on the 7th post-shift day, which is one day 
earlier in comparison to the present result. A similar redistribution of 
activity was observed, however, the decrease of the nocturnal level 
lasted one day longer (8 days), while the diurnal level was increased 
for 4 post-shift days only (Smyk et al., 2012). Given the lack of any 
effect of agomelatine in both the acute and chronic study, differences 
between the present and our previous studies in which rats were not 
injected, might be attributed to the additional manipulations necessary 
for the administration of the solvent or drug. The injections, handling 
and transient arousals repeated daily during all 10 post-shift days 
might be considered as another, non-photic stimulus for the circadian 
timing system. The presence of such stimulus might have affected the 
re-synchronization process to some degree. The possibility cannot 
excluded that factors such as handing and injections are stressful, 
however, in habituated animals these procedures are generally not 
considered as stressors. 
 
4.1.2. Passive wakefulness 
 
A decrease in the total amount of active wakefulness was 
followed by an increase in passive wakefulness occurring immediately 
after the shift and lasting the same number of days. The decrease of 
activity or wake state in general has been described previously. A study 
of Beaumont and coworkers (2004) might be linked to some extent to 
the decrease in activity reported by us; they investigated effects of 
slow-release caffeine and melatonin on sleep and daytime sleepiness 
after a seven-time zone eastward flight. Subjects receiving placebo 
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were significantly drowsier until 6th day after the flight in comparison 
to baseline as measured by modified EEG sleep latency test (Beaumont 
et al., 2004). 
 
4.1.3. Light and deep slow-wave sleep 
 
The total duration and the phase-related distribution of light 
slow-wave sleep were hardly affected by the phase shift. A similar 
effect regarding total sleep duration was seen also for deep slow-wave 
sleep. However and in contrast, the phase-related changes of deep 
slow wave sleep were much more pronounced and long-lasting. Similar 
results with respect to the amount and distribution of slow-wave sleep, 
however, in a phase advance paradigm, were obtained by Sei and 
coworkers (Sei et al., 1992, 1994). The less adverse effect of the phase 
delay on slow wave sleep in the present study may account for the lack 
of changes in total duration of slow-wave sleep during post-shift days. 
Moreover, the study cited did not distinguished between the two stages 
of slow-wave sleep. Human polysomnographic studies revealed that an 
8 h phase delay had a small effect on slow-wave sleep (only a trend 
towards smaller amounts of slow-wave sleep on the first post-shift day 
was observed, the distribution of slow-wave sleep remained 
unchanged), while the phase advance resulted in an increase in the 
amount of slow-wave sleep up to 5 days (Buxton et al., 2000; 
Beaumont et al., 2004). 
 
4.1.4. REM sleep 
 
REM sleep was elevated for 6 days, this was in contrast to both 
light and deep slow-wave sleep. The increase in REM sleep was 
restricted to the dark phase. The increase in REM sleep after a phase 
shift was reported previously in a phase advance paradigm in rats, as 
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well as, in mice under chronic circadian disruption protocol, during 
which animals were exposed weakly to 6 h phase advances of the light-
dark cycle (Sei et al., 1992, 1994; Castanon-Cervantes et al., 2010; 
Brager et al., 2013). In humans, a study in a laboratory controlled 8 h 
light-dark and sleep-wake cycle phase delay, abnormalities in the 
distribution of REM sleep up to 3 post-shift days were found (Buxton 
et al., 2000). 
 
4.1.5. SWDs 
 
The phase delay affected also the epileptic activity of the rats: 
while the total number of SWDs after the phase shift remained 
unchanged, a phase-related redistribution occurred. SWDs were more 
prevalent during the light phase and less during the dark phase. SWDs 
are tightly related to a momentary state of vigilance: passive 
behavioral states such as passive wakefulness and light slow-wave 
sleep enhance the occurrence of seizures; active wakefulness, deep 
slow-wave and REM sleep have an inhibitory effect (Drinkenburg et al., 
1991). In the present study, the elevation of the number of SWDs 
during the light phase is accompanied by the increase in the total 
duration of passive wakefulness and a marked reduction of deep slow-
wave sleep. Therefore, a balance between SWDs enhancing (passive 
wakefulness, light slow-wave sleep) and inhibiting (deep slow-wave 
sleep) brain states is shifted towards favorable conditions for SWDs to 
occur. 
Similar results were obtained in our previous study, in which 
WAG/Rij rats were exposed to the same light-dark manipulation 
however, without pharmacological intervention (Smyk et al., 2012).  
Both studies showed the increase in the occurrence of seizures in the 
light phase, during which SWDs are usually less frequent. Different 
types of seizures e.g. temporal lobe seizures, frontal lobe seizures, 
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tend to occur rhythmically at the particular time of a day (Quigg et al., 
1998; Pavlova et al., 2004; Durazzo et al., 2008; Hofstra et al., 2009). 
As a result of circadian desynchronization the timing of seizures may 
change. Hypothetically, temporal lobe seizures which occur usually 
during the day, after a rapid crossing of considerable number of time 
zones may occur during the night (Quigg et al., 1998). This may lead 
to additional sleep disturbances and worsening of jet lag symptoms 
since convulsive seizures occurring during the night have been shown 
to cause sleep fragmentation, reduction of particular sleep stages and 
daytime somnolence (Bazil et al., 2000). Absences, known to be 
related to sleep-wake states and thus occurring more frequently during 
drowsiness, sleep and state transitions (Halasz et al., 2002) may 
increase during the day due to enhanced sleepiness and also during 
the night due to poor, fragmented sleep. To avoid possible aggravation 
of epileptic activity patients should adjust the timing of antiepileptic 
medications or prepare themselves to the new time zone by gradual, 
everyday shifts before the journey. The possibility that also the dose 
needs an adaptation, cannot be excluded at forehand. 
 
4.1.6. Internal desynchronization  
 
Internal desynchronization after a rapid shift in the photoperiod 
has been found both in humans and animal models (Wegman et al., 
1986; Nagano et al., 2003; Lee et al., 2009). In the present study 
different speed of re-entrainment of various rhythms and changes in 
their phase relationships was observed. The acrophase of REM sleep 
was shifted the most; however, it re-synchronized as first, on the 6th 
post-shift day. REM sleep propensity is well known to be controlled by 
the circadian timing system (Czeisler et al., 1980). However, the 
amplitude of the rhythm is small in comparison to, for example, activity 
or slow-wave sleep (Borbély, 1975). It is suggested that rhythms with 
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small circadian amplitude accomplished larger acrophase shifts and 
their rate of re-synchronization is faster (Reinberg et al., 1979; Winget 
et al., 1984). In agreement with this assumption, the rhythm of active 
wakefulness and deep slow-wave sleep, both of large circadian 
amplitude, completed the re-entrainment process the slowest. Their 
acrophases reached the baseline level on 8th post-shift day. Rhythms 
of light slow-wave sleep and SWDs, both with average amplitude, 
completed the shift one day earlier. REM sleep, characterized by the 
lowest circadian amplitude, re-synchronized the fastest. 
During an extended dark period preceding the light phase delay, 
rhythms which re-synchronized together showed similar behavior. 
Active wakefulness, deep slow-wave sleep but also SWDs rhythm 
behaved as during corresponding hours of the light phase. Similar 
results were obtained for general motor activity and the number of 
SWDs in the previous study (Smyk et al., 2012). Light slow-wave and 
REM sleep showed different behavior hardly comparable with either the 
light or the dark phase. 
Desynchronization between different states of sleep-wake 
states after the phase shift and under a forced desynchrony protocol 
has been described previously in rats (Sei et al., 1992, 1994; Cambras 
et al., 2007; Lee et al., 2009). It is thought to be a consequence of 
desynchrony between anatomically and functionally distinct subregions 
of the SCN, to which particular sleep-wake states are coupled to. 
Circadian regulation of sleep, slow-wave sleep and locomotor activity 
was found to be associated with the activity of both the ventrolateral 
and dorsomedial SCN, while circadian regulation of REM sleep 
dependent merely on the activity of the dorsomedial SCN (Cambras et 
al., 2007; Lee et al., 2009). In the present study, significant post-shift 
changes in phase relationship between active wakefulness and REM 
sleep as well as deep slow-wave and REM sleep were found, which 
suggests internal desynchronization between these sleep-wake states. 
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On the other hand, difference between acrophases of active 
wakefulness and deep slow-wave sleep remained unchanged, which 
might be interpreted as stable coupling between these rhythms also 
during re-entrainment. The response of active wakefulness and deep 
slow-wave sleep to the phase shift, their re-entrainment rate and 
stable phase relationship may suggest that indeed they are governed 
by the same mechanism distinct from REM sleep, which they uncoupled 
from. The rhythm of SWDs and light slow-wave sleep shared the same 
speed of re-synchronization, their phase relationship was stable over 
the post-shift days. However, the response of the rhythms to the 
extended period of darkness was quite different. Light slow-wave sleep 
is one of the most favorable states of vigilance for the occurrence of 
SWDs (Drinkenburg et al., 1991). Same length of the re-entrainment 
process may suggest that the rhythms share common circadian 
mechanism. Different response to the lengthened period of darkness 
may be related to various level of circadian/exogenous component of 
the rhythms or differences in the magnitude of masking. 
 
4.2. Lack of effects of agomelatine on states of sleep-
wake states and SWDs – acute study 
 
Neither dose-dependent nor drug effects of agomelatine on 
sleep-wake states and number of SWDs were found in the acute study, 
only a day effect. 
Dosage of agomelatine selected for the present study was based 
on its circadian synchronizing abilities. According to the study of 
Martinet and co-workers (1996), dose-dependent effect of agomelatine 
on a free-running rhythm of running wheel activity was observed 
between 2.5 to 10 mg/kg, with a dose of 5.7 mg/kg providing true 
entrainment (Martinet et al., 1996). The highest dose used in the 
present study (10 mg/kg) was found to induce changes in sleep-wake 
170 
architecture in a period between 4 to 7 hours after the administration 
and also during the following day (Descamps et al., 2009). On the other 
hand, given shortly before the dark onset, agomelatine failed to affect 
sleep-wake states in nocturnal rodents (Tobler et al., 1994; Huber et 
al., 1998; Langebartels et al., 2001; Monti et al., 2001). Considering 
the effect observed during the treatment day, similar changes in the 
total duration of sleep-wake states were found for REM sleep (increase) 
and active wakefulness (decrease, but only on the post-treatment 
day), while decrease in the duration of slow-wave sleep was opposite 
to changes reported by Descamps et al. (2009). Since neither a dose, 
nor a drug or interaction with dose was found in the present study, 
other effects such as day affects cannot be attributed to the action of 
the compound rather they may have been produced by the vehicle. 
Cyclodextrin (20%) was used as a vehicle and it was given only 
on day 2. Cyclodextrins are cyclic oligosaccharides containing 6 to 8 
glucose units connected by α-(1, 4) bonds. This particular formation 
(hydrophilic outside, hydrophobic inside) accounts for their ability to 
create inclusion compounds with other hydrophobic molecules 
increasing their stability, solubility and bioavailability and are widely 
used (Duchene et al., 1986; Davis and Brewster, 2004). Considered as 
neutral solvent, cyclodextrins were reported to exert neuroactive effect 
both in vitro and in vivo (Wang et al., 1997; Shu et al., 2004; Pytel et 
al., 2006). In WAG/Rij rats, hippocampal microinjections of 
cyclodextrin (45% solution) had a biological relevant effect (it reduced 
the number of SWDs to 1 h after the administration) (Tolmacheva and 
van Luijtelaar, 2007). In the present study, the number of SWDs was 
decreased during the treatment day between 4 to 8 h after 
administration. Differences in time, during which the effect was 
manifested may be attributed either to the route of administration: 
local vs systemic or, considering a slight passage of cyclodextrin 
through blood-brain barrier (Monnaert et al., 2004), behavioral effects 
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of the administration such as arousal, stomach load, increased thirst 
may be responsible for the effect observed. 
 
4.3. Lack of effects of agomelatine on sleep-wake 
states and SWDs – chronic study 
 
No drug or dose-dependent effect of agomelatine was found in 
the chronic study. Daily oral administration of agomelatine did neither 
affect any of the characteristics of the rhythms investigated, nor the 
speed of the re-synchronization process. Chronobiotic properties of 
melatonin and its analogues were found in a phase advance paradigm, 
in which, physiological rhythms are delayed with respect to the new 
photoperiod and require to be advanced to reach a stable phase-
relationship with the Zeitgeber (Golombek and Cardinali, 1993; van 
Reeth et al., 1998). In the phase delay design, melatonin was found 
either non effective or delaying the re-synchronization process 
(Singaravel et al., 1996). Nonetheless, due to its beneficial effect on 
the subjective sleep, alertness and performance, melatonin treatment 
is advised to ameliorate symptoms of jet lag also after westward flights 
(Deacon and Arendt, 1995; Arendt, 1999). 
In comparison to the previous study in which general motor 
activity and the rhythm of SWDs were investigated under the same 
experimental design, the speed of re-synchronization of both rhythms 
was slightly different (Smyk et al., 2012). The rhythm of general motor 
activity re-entrained one day faster than the rhythm of active 
wakefulness, while the rhythm of SWDs re-entrained one day earlier in 
the present study. An absence of dose-dependent effect of agomelatine 
and differences between studies in the speed of entrainment suggest 
not only that actions accompanying the procedure of peri oral injections 
(removal from cage, associated handling) might have affected the 
reentrainment process (like in the study of Hastings et al., 1992), but 
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also obscured the putative positive effects of agomelatine on speed or 
re-entrainment. Put into other words: the transient arousal produced 
by agomelatine administration might have masked the effect of the 
drug on the rhythms. Another possibility might be that doses selected 
for our study were too small to induce any changes. Martinet and co-
workers (1996) reported that a dose of 5.7 mg/kg was effective in 
providing entrainment (Martinet et al., 1996). However, the 
experiment was conducted in constant darkness while in the present 
study rats were kept in 12:12 light-dark cycle before and also after the 
phase shift. It cannot be excluded that the presence of this powerful 
Zeitgeber outweighed the effects of agomelatine. Assessment of the 
level of melatonin during the study would allow more precise 
explanations. 
To conclude, the present study demonstrates internal 
desynchronization between various sleep-wake states and absence 
seizures after a rapid shift in the timing of the light phase of the 
photoperiod. Rhythms, thought to be controlled by common circadian 
mechanism, such as active wakefulness and deep slow-wave sleep 
showed coupling during the process of re-synchronization. The SWDs 
rhythm re-entrained together with light slow-wave sleep, a state 
frequently preceding the occurrence of absence seizures. This may 
suggest a common mechanism for these functions, distinct from the 
one governing activity and deep slow-wave sleep. Circadian 
misalignment caused by the phase shift resulted in an aggravation of 
epileptic activity especially in the light phase, during which seizures in 
WAG/Rij rats are sparse. An increased duration of passive wakefulness 
seems to be responsible for the increase in SWD, since, together with 
light slow-wave sleep, this sleep-wake state is favorable for the 
occurrence of SWDs. Treatment with melatonin agonist was found to 
be ineffective in the acute sleep-wake study, as well in the phase delay 
paradigm. It had also no effect on epileptic activity. The redistribution 
173 
of the sleep-wake states across the 24 h during the entrainment 
process might be of significant importance for people with epilepsy 
planning transmeridian flights and dealing with consequences of jet 
lag. 
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Enhancing/inhibiting influences affecting the occurrence of 
absence seizures may be created internally within the organism (state 
of vigilance, hormonal environment) or be delivered from the outside 
(light stimulation, stress, chemical agents) (Wolf and Goosses, 1986; 
Baykan et al., 2005; Drinkenburg et al., 1991; Lannes et al., 1985; 
Halász et al., 2002; Grünewald et al., 1992; van Luijtelaar et al., 2001; 
Tolmacheva et al., 2012; Somerville, 2009). The aim of the present 
thesis was to establish the contribution of endogenous and exogenous 
factors to the occurrence of absence seizures. In particular, the 
endogenous factors that were investigated were the circadian timing 
system and sleep-wake states, the external contributors were 
represented by the light-dark cycle and a melatonin agonist. 
In Chapter 2, the temporal relationship between the commonly 
distinguished sleep-wake states (active and passive wakefulness, light 
and deep slow-wave sleep, REM sleep) and the occurrence of SWDs 
was investigated for the whole 24 h cycle and for the light and the dark 
phase separately. Endogenous circadian control was examined in 
Chapter 3, in which WAG/Rij rats were exposed to a constant condition 
paradigm. Chapter 4 describes consequences of circadian 
misalignment caused by an abrupt shift in the light-dark cycle. In 
Chapter 5, first the effects of various doses of acute administration of 
the melatonin agonist agomelatine on sleep were investigated, next it 
was attempted to ameliorate the consequences of a similar shift in the 
light-dark cycle by daily, timed administration of this melatonin 
agonist. 
 
Main findings of the thesis: 
 
I. SWDs and sleep-wake states are temporally related. Regardless 
of the method of data processing (correlations and cross-
correlations across 24 h versus analysis of 5 s preceding the 
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occurrence of SWDs), the relationship between SWDs and deep 
slow-wave sleep is always negative, while relationship with 
active wakefulness and light slow-wave sleep varies depending 
on the approach chosen. 
II. The character of SWDs – sleep-wake states relationships is 
determined by the phase of the light-dark cycle. In the light 
phase, the relationships are unidirectional, which means that 
the duration of a particular sleep-wake state may serve as a 
reliable predictor of the duration of SWD activity. In the dark 
phase however, the relationships are bidirectional. In addition 
to predictive value of sleep-wake states for this duration, 
absence seizures themselves influence the duration of sleep-
wake states. 
III. SWDs – sleep-wake states relationships estimated on a 
momentary level (analysis of 5 s EEG preceding and following 
the occurrence of SWDs) is independent of the state of the 
circadian timing system: entrained versus fee-running. 
IV. Rhythmic occurrence of SWDs observed during entrainment to 
the 12:12 light-dark cycle persists also under constant dim light 
condition, which strongly suggests that the rhythm is generated 
endogenously. In the absence of environmental time cues, the 
rhythm of SWDs free-runs with a period length of about 23 h 
and desynchronizes from the rhythm of general motor activity. 
V. Rapid change in the timing of the light phase of the 12:12 light-
dark cycle results in circadian desynchronization between 
rhythms of SWDs, general motor activity and sleep-wake 
states. Different rhythms re-entrain with different speed, 
although some rhythms seem coupled. Active wakefulness and 
deep slow-wave sleep are thought to share a common circadian 
oscillator since they re-synchronize together. The same is 
thought for SWDs and light slow-wave sleep. 
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VI. Timed administration of agomelatine, agonist of melatonin MT1 
and MT2 receptors, neither affect the occurrence and duration 
of SWDs and sleep-wake states during entrainment to the 12:12 
light-dark cycle, nor accelerates the speed of re-entrainment of 
these rhythms after the phase shift of the photoperiod. 
VII. Alterations in circadian physiology such as internal 
desynchronization are accompanied by exacerbation of epileptic 
activity. Changes in the duration of sleep-wake states, deep 
slow-wave sleep in particular, seems to be responsible for 
increased number and duration of seizures. 
 
Relationship between SWDs and sleep-wake states 
 
The first series of questions addressed by the present thesis 
regarded the relationship between absence seizures and sleep-wake 
states. It was aimed to establish whether the relationship is constant 
across 12:12 light-dark cycle and whether it is modulated by the state 
of the circadian timing system: entrained versus free-running. 
Vigilance is one of the major factors affecting the incidence of 
absence seizures in humans and in animal models (Drinkenburg et al., 
1991; Lannes et al., 1985; Halász et al., 2002). SWDs in WAG/Rij rats 
occur mainly during passive wakefulness and light slow-wave sleep, 
while they are hardly preceded by deep slow-wave sleep and REM sleep 
(Drinkenburg et al., 1991). In addition, cortical electrical stimulation 
induces SWD-like afterdischarges mainly during drowsiness, and much 
less during active wakefulness and slow wave sleep (Lüttjohann and 
van Luijtelaar, 2012). Relationships described above have been 
established by inspection of 5 s epochs directly preceding the onset of 
SWDs (Drinkenburg et al., 1991). This approach has been called 
“momentary”. 
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In Chapter 2, a link between absence seizures and sleep-wake 
states was investigated in a different way. Correlations and cross-
correlations between SWDs and all vigilance states were calculated 
over the 24 h and separately for the light and the dark phase. While 
the outcomes of the study agreed upon the role of deep slow-wave 
sleep and, to lesser extent, passive wakefulness and REM sleep, the 
results where different regarding active wakefulness and light slow-
wave sleep. Contrary to inhibitory effect revealed by the momentary 
approach, active wakefulness was positively correlated with the 
incidence of SWDs. Light slow-wave sleep, found previously to enhance 
generation of SWDs, showed negative correlation with the occurrence 
of seizures. A similar discrepancy regarding active wakefulness has 
been described in inbred Fisher and Brow Norway rats exhibiting 
generalized neocortical high voltage spike-wave spindles (HVS), an 
equivalent of SWDs (Jandó et al., 1995). Data analyzed in 10 min bins 
showed that the peak of HVS incidence was preceded by a peak in 
activity occurring 10 min earlier. Spectral analysis of delta band in 2 s 
epochs of EEG directly preceding HVS revealed however, that HVS do 
not occur during deep slow-wave sleep or a highly aroused state (Jandó 
et al., 1995). The different methods of data analysis can be considered 
as the source of this contradiction. Cross-correlations provide 
information about the global organization of sleep-wake states and the 
temporal relationships between the different sleep-wake states, while 
momentary factors provide information about the state just before 
SWDs. Active wakefulness preceding the occurrence of SWDs in a time 
range of 25 – 30 min found in the experiment described in the Chapter 
2 is not surprising given the fact that one of the most frequent state 
transitions across rat sleep-wake cycle is passive wakefulness → active 
wakefulness → passive wakefulness changeover (Gervasoni et al., 
2004). SWDs are positively correlated with this particular type of 
transition as it was shown previously and then confirmed in the study 
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described in Chapter 2. Moreover, the change of active wakefulness 
into passive wakefulness creates one of the most convenient neuronal 
environments for the occurrence of SWDs. The sequence: passive 
wakefulness → slow-wave sleep → intermediate stage → REM sleep → 
passive wakefulness (Gervasoni et al., 2004) explains also negative 
cross-correlations between SWDs and both slow-wave sleep states. As 
mentioned previously, SWDs rarely occur during REM sleep, which 
usually follows slow-wave sleep. In Chapter 2 differentiation between 
two slow-wave sleep stages was also made. Both: light → deep slow-
wave sleep and deep → light slow-wave sleep changeovers were found 
to be negatively correlated with the incidence of absence seizures 
across 24 h. 
Results obtained in the experiment presented in Chapter 2 
revealed also that temporal relationships between SWDs and sleep-
wake states are modified by the phase of the 12:12 light-dark cycle. 
In the light phase, relationships are stronger and unidirectional, the 
duration of a particular sleep-wake state predicts the duration of SWDs. 
In the dark phase however, the presence of SWDs is influenced by, but 
also influences the duration of sleep-wake states. Clinical and 
experimental data provide evidence for a reciprocal relationship 
between sleep and epilepsy (Shouse et al., 2000; Matos et al., 2010). 
Data collected in a population of patients with temporal lobe epilepsy 
showed pronounced changes in the amount of sleep states (Bazil et al., 
2000). The degree to which the structure and efficiency of sleep was 
changed was dependent on the time of seizures occurrence (day vs. 
night). Daytime seizures reduced REM sleep period, while nighttime 
seizures, besides REM sleep suppression, decreased stage 2 and 4 
slow-wave sleep, sleep efficiency, and increased the amount of stage 
1 slow-wave sleep. Further reduction of REM sleep was found when 
seizures occurred before the first REM episode (Bazil et al., 2000). 
Similar changes have been reported for generalized epilepsy. 
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Polysomnographic studies in a group consisted of childhood absence 
epilepsy, juvenile absence epilepsy and juvenile myoclonic epilepsy 
patients revealed a decrease in sleep efficiency and deep slow-wave 
sleep (stage 4, a human equivalent of deep slow-wave sleep), while 
wakefulness time, the percentage of stage 1 slow-wave sleep and REM 
sleep latency were found to be increased (Baretto et al., 2002; Maganti 
et al., 2005). A time-of-a-day effect has been found in amygdala-
kindled rats (Yi et al., 2012). Whether homeostatic or circadian 
mechanisms of the sleep-wake regulation were affected was dependent 
of the time across the 12:12 light-dark cycle during which the rats were 
kindled. Although the time distance between kindling and changes in 
the percentage of sleep states and duration of such changes were 
different, a common finding was the decrease in both slow-wave and 
REM sleep (Yi et al., 2012). 
Common findings for the studies cited above and some of the 
studies performed on the WAG/Rij model are: the presence of the 
circadian factor determining the timing of aberrations in the sleep cycle 
and the reduction of REM sleep. 6-month-old WAG/Rij rats endowed 
with more SWDs have a shorter sleep cycle in general, and a shorter 
sleep cycle particularly at the end of the light phase in comparison to 
4-month-old strain counterpart, which have significantly less SWDs 
than older rats (van Luijtelaar and Bikbaev, 2007). It might be 
speculated that a presence and persistence of a large number of SWDs 
practically during the whole dark phase may influence sleep variables 
at some other point of the 24 h cycle. The end of the light phase is the 
time when light slow-wave sleep predominates. Moreover, as shown 
by Drinkenburg and co-workers (1991) and also in Chapter 3, SWDs 
exert an awaking effect since active and passive wakefulness are the 
most common states following the occurrence of SWDs. Taken 
together, at the end of the light period when sleep is light and SWDs 
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with awakening properties increase in incidence, the sleep-wake cycle 
of WAG/Rij rats is rather fragile for interruptions. 
While temporal relationships between SWDs and sleep-wake 
states were found to be modified by the phase of the light-dark cycle, 
momentary factors stayed unchanged regardless of whether the 
animals were entrained or not. Chapter 3 describes the experiment 
investigating the potential circadian character of the rhythm of absence 
seizures. Circadian parameters of the rhythm were assessed in 12:12 
light-dark cycle and then compared with those obtained in constant 
dim light. With regard to well-documented behavior in the constant 
conditions, rhythm of general motor activity was chosen as a reference 
for the free-running state of the circadian timing system. Additionally 
to rhythms parameters, the momentary approach was used to examine 
SWDs – sleep-wake states relationships. The period length, mean, 
amplitude and robustness of the free-running SWDs rhythm changed 
substantially; however, the relationship with sleep-wake states 
remained the same. The rhythms of absence seizures and general 
motor activity desynchronized from each other, as indicated by a 
different period length in constant conditions. Nonetheless, temporal 
desynchronization had no effect on seizure generation. Passive 
wakefulness remained the most favorable state for the occurrence of 
SWDs, whereas active wakefulness and REM sleep were the least 
encouraging. It might be concluded that while the biological clock 
governs the timing of the physiological or, as in this case, pathological 
processes, it is not able to affect the primary mechanisms of the 
generation of SWDs. Although temporal relationships between different 
cycles may change as a result of circadian desynchronization, cortico-
thalamo-cortical mechanisms of SWDs generation does not seem to be 
affected by such manipulations. To illustrate the point: Musshoff and 
Speckmann (2003) investigated time-of-a-day effect on epileptic 
activity in hippocampal slices of rats. Epileptiform field potentials (EFP) 
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were elicited by omitting magnesium from the bath solution or by 
adding bicuculline, a GABAA receptor antagonist, to the bath control 
solution. Despite a difference in the latency of the occurrence of EFP 
between slices prepared during the light and the dark phase, an 
imbalance between inhibitory GABA and excitatory neurotransmission 
mediated by NMDA receptors was a necessary condition for the 
generation of EFP (Musshoff and Speckmann, 2003). Similarly in the 
present study, sleep-wake states classified by the morphology and 
frequency of brain waves captured by the EEG reflect the state of the 
cortico-thalamo-cortical circuits. SWDs are generated under conditions 
of hyperexcitable cortical focus and the thalamus in an oscillatory 
mode, both criteria were fulfilled more frequently during passive 
wakefulness, light slow-wave sleep and transitional, unstable periods. 
Therefore, the timing of sleep-wake states and the temporal 
relationship between them and absence seizures (both variable under 
the control of the circadian timing system) may change, however, 
seizures will not be generated unless the momentary criteria of the 
particular state of the cortico-thalamo-cortical network are satisfied. 
 
Endogenous character of the rhythm of SWDs 
 
The second set of questions raised by the present thesis 
regarded the character of the cyclic occurrence of absence seizures. 
The possible endogenous origin of the rhythm of SWDs was 
investigated by means of a constant condition paradigm. The paradigm 
assumes that endogenous character of the rhythm is revealed after 
elimination of Zeitgebers. During the protocol, an organism is exposed 
to either one of the two lightning conditions: constant darkness or 
constant light, with other periodic environmental influences or 
periodically occurring factors being abolished (Duffy and Dijk, 2002; 
Jud et al., 2005). The method is often used in animal research to 
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quantify circadian phenotypes (e.g. to determine parameters of free-
running circadian rhythms) (Ruby et al., 2002; Bittman et al., 2007). 
In the experiment described in Chapter 3, 12:12 light-dark cycle was 
replaced by constant dim light. Circadian parameters of the rhythm of 
SWDs and general motor activity (serving as an indicator of the state 
of the circadian timing system) were assessed for 10 days before and 
10 days after removal of the light-dark cycle. The rhythmic occurrence 
of SWDs, described previously by van Luijtelaar and Coenen (1988) 
and confirmed by the present study, persisted also in the absence of 
this powerful Zeitgeber, however the circadian parameters of the SWDs 
rhythm changed significantly. The period length decreased to ~ 23 h, 
which made the rhythm a free-running one, mean and amplitude 
increased and the robustness decreased. These results showed that the 
presence of entrainment provided by the light-dark cycle is not 
necessary for the cyclic expression of SWDs in WAG/Rij rats, therefore 
it might be speculated that the rhythm is generated endogenously. The 
presence of light and dark however, enhances this rhythmicity by 
giving it a well-defined, distinct shape. 
The constant condition paradigm, precisely, the constant 
darkness variant, was used in the first study investigating the 
endogenous character of the rhythm of epileptic seizures in a rat model 
of human mesial temporal lobe epilepsy (MTLE) (Quigg et al., 2000). 
The study showed that spontaneous limbic seizures in rats occurred in 
a 24 h pattern regardless of the presence of the light-dark cycle. 
Moreover, the phase relationship in the distribution of seizures was also 
preserved: seizures occurring numerously in the light phase during 
entrainment were also dominating in the corresponding, passive phase 
of the constant darkness conditions (Quigg et al., 2000). 
Outcomes of both studies are very suggestive of the 
endogenous origin of MTL and absence epilepsy rhythms however; it 
should be kept in mind that the light-dark cycle is not the only factor 
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capable of entraining or masking. In human circadian research, 
removal of environmental Zeitgebers is thought to be insufficient in the 
assessment of the circadian phase. Considering that rhythms are often 
masked by behavioral states (e.g. temperature rhythms is masked by 
activity/sleep-wake cycle (Weinert and Waterhouse, 1998; Waterhouse 
et al., 2000), two methods were developed to remove these influences. 
Forced desynchronization and constant routine protocols aim at 
unmasking circadian rhythms by distributing sleep episodes evenly 
across all circadian phases or by eliminating periodic changes in 
behavior, respectively. This is done by scheduling subjects to sleep-
wake cycle that is far outside the range of entrainment (the former), 
or by means of sleep deprivation, constant posture, identical meals 
distributed across the circadian cycle additionally to constant external 
environment (the latter) (Czeisler et al., 1999; Duffy et al., 2002; 
Hofstra and de Weerd, 2008). 
A forced desynchronization protocol was used to identify 
circadian patterns in the occurrence of epileptic seizures in humans 
(Pavlova et al., 2009). The number of days required to fulfill the 
demands of the protocol depends on the length of an artificial day 
which must be outside the range of entrainment. The longer the day 
(e.g. 28 h), the longer the duration of the protocol to obtain even 
distribution of sleep-wake states across all circadian phases. The 
protocol used by the authors was a short day protocol (5 h 40 min) and 
was completed after 3 days. The study suggested a circadian variation 
in the occurrence of interictal epileptiform discharges (IEDs), 
independently of the sleep-wake cycle. It also showed that a strict 
circadian protocol is feasible and safe in patients with generalized 
epilepsies (Pavlova et al., 2009). 
The study described in Chapter 2 did not investigate possible 
behavioral masking from the side of the sleep-wake states. The 
relationship between SWDs and vigilance is well established 
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(Drinkenburg et al., 1991) but only by the momentary approach and 
not from the rhythm point of view. Therefore, a forced desynchrony 
protocol, e.g. in the form proposed by de la Iglesia and coworkers 
(2004), would be a valuable complement to the study devoted to 
circadian nature of the rhythm of absence seizures. 
 
Internal desynchronization and epilepsy 
 
One of the objectives of the present thesis was to investigate 
consequences of rapid, change in the 12:12 light-dark cycle, which are 
known to cause serious disruptions in the circadian timing system. 
Chapters 3 to 5 describe behavior of absence seizures during internal 
desynchronization and re-entrainment processes after an 8 h light 
phase delay. An increase in the number and mean duration of SWDs 
was observed regardless of the cause of desynchronization (constant 
dim light or a light phase delay). Based on a well-characterized 
relationship between absences and sleep-wake states (Drinkenburg et 
al., 1991), this elevation was attributed to changes in the amount of 
deep slow-wave sleep (a decrease) and passive wakefulness (an 
increase). Results of the experiments described in Chapters 4 and 5 
(the phase delay paradigm) point to a phase-related redistribution of 
SWDs so that, after the phase shift, they occurred frequently on an 
unusual time with respect to their normal 24 h rhythm. The outcomes 
support the hypothesis that disturbances in sleep-wake cycle are 
responsible for aggravation of epileptic activity. 
Signs of circadian disturbances have been identified in a wide 
range of medical conditions including neurodegenerative disorders 
(Videnovic et al., 2014), affective disorders (Benca et al., 2009) and 
cancer (Erren et al., 2008). Moreover, members of 24/7 society 
challenge their internal clock by irregular work/leisure schedules and 
frequent jet lag. Recurrent disruptions in the circadian organization 
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entail serious health consequences (Knutsson, 2003). There are large 
interindividual differences regarding tolerance to internal 
desynchronization and shift work (Reinberg et al., 2007). Subjects 
defined as allochronic report neither complaints, nor detectable 
medical symptoms associated with internal desynchronization, this 
makes them well-tolerant to non-standard working hours. People 
defined as dyschronic suffer from circadian desynchronization and 
therefore, show poor tolerance to shift work (Reinberg et al., 2007; 
Reinberg and Ashkenazi, 2008). Although a small resistance to internal 
desynchronization is associated with a small circadian amplitude and a 
period length differing substantially from 24 h, poor tolerance cannot 
be assessed a priori (Reinberg and Ashkenazi, 2008). Only exposition 
to challenging conditions may answer the question about one’s 
susceptibility. However, evidence collected in a population of shift 
workers, airline crew members attending transmeridian flights and 
patients experiencing difficulties after rapid changes of time zones or 
during the course of shift work, may be helpful in predicting possible 
health consequences. This knowledge may be also used to create 
recommendations for those considering commencement of shift work, 
or for patients that are worried whether a particular work schedule 
might aggravate seizures, or for distant air travelling that may result 
in exacerbating symptoms.  
The number of passengers traveling by air is constantly 
growing. European Commission reports 842 million people using air 
transport within borders of 28 EU member countries in 2013 (Eurostat, 
2014). At the same time, WHO estimates that 50 million people 
worldwide suffer from epilepsy, including 6 million European citizens 
and 300 000 new cases diagnosed each year in this geographical area 
(Mitchell et al., 2011). People with relatively high seizure frequency (4 
seizures per month) have been described as more likely to avoid air 
travel, nevertheless, an increased number of individuals with active 
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epilepsy traveling by air might be expected (Trevorrow et al., 2006). 
Seizures are second to dizziness/vertigo among neurological symptoms 
reported during flights (Sirven et al., 2002). Alonso-Cánovas and co-
workers showed that 41 of 77 patients (53.2%) who developed 
neurological symptoms within the flight or maximum 6 h after landing, 
experienced seizures (2011), while only 13 passengers from that group 
had been  diagnosed with epilepsy before entering the study. Possible 
triggers for seizure activity were found in 12 of them and the triggers 
were missing one or more doses of antiepileptic drugs (AEDs) during 
days preceding the flight, sleep deprivation and usage of recreational 
drugs (Alonso-Cánovas et al., 2011). 
Only one study to date attempted to investigate the effects of 
air travel on seizure frequency in a population of people with epilepsy 
(Trevorrow, 2006). The author reported increased number of seizures 
during post-flight week, with the seizure rate almost doubled and 
positively correlated with pre-flight values. The direction and distance 
of flight were also investigated, however no significant differences were 
found. Although not directly investigated, post-flight sleep disruption 
has been hypothesized to be a major cause of the increase of seizures 
frequency found in a group of individuals with epilepsy after air travel 
(Trevorrow, 2006). 
Travel recommendations given to passengers dealing with 
epilepsy and travelling across multiple time zones usually comprise 
avoiding sleep deprivation, keeping the dosage and timing of 
medications approximately the same as before the flight, and taking 
two separate supplies of medications: one for the checked and the 
other for the hand luggage (Aerospace Medical Association Medical 
Guidelines Task Force, 2003; www.britishairways.com). Here it is 
shown that also in case of absence epilepsy precautions regarding sleep 
should be undertaken or at least considered. Experiments described in 
the present thesis were performed in naive WAG/Rij rats, with no 
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pharmacological interventions to reduce absence seizures, thus 
speculating about necessity of maintaining pre-shift drug schedule was 
not investigated. The issue, possible to be tested experimentally, may 
be of a particular significance for patients. 
Besides jet lag, negative consequences of circadian 
misalignment are a common companion of shift workers. There is no 
consistency with regard to people with epilepsy performing shift work. 
Some of the sources advise the patients not to work during the night 
shift due to possible seizure enhancing effects of sleep deprivation, 
violation of AEDs schedules or psychosocial factors (LaDou, 1982; 
Koller, 1996; Costa, 2003). The other suggests that there is no 
evidence of significant risk for epileptics engaged in non-standard 
working hours (Nicholson and Auria, 1999). Data regarding evaluation 
of sickness, accident and work records in people with epilepsy hired by 
British Steel Corporation compiled by Dasgupta and co-workers (1982) 
showed that 20 out of 32 workers with epilepsy were eligible for and 
did shift work (Dasgupta et al., 1982). The 12 who did not were not 
willing to undertake such a commitment. This was the only significant 
difference found between workers suffering from epilepsy and healthy 
controls. The study, however, did not investigate the source of the shift 
work reluctance in this particular group of employees. 
Experiments described in the Chapters 3 to 5 describe 
consequences of internal desynchronization for the course of absence 
epilepsy in WAG/Rij rats. The results allow some presumptions 
regarding the occurrence of seizures during circadian disruption, 
however, none of the studies used a repeated phase shifts paradigm. 
Forcing epileptic animals to be active during abnormal activity hours or 
scheduling repeated phase shifts combined with different schedules 
and dosage of AEDs would enrich the present knowledge of the course 
of epilepsy during shift work. 
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Melatonin and epilepsy 
 
The last but not least issue investigated in the present thesis 
was a response of absence seizures and sleep-wake states to acute 
and chronic treatment with the melatonin agonist agomelatine during 
stable entrainment and after a phase shift. Agomelatine was chosen 
according to its phase-shifting abilities, modifying influence on sleep-
wake states in rodents and proven antidepressant activity (Redman et 
al., 1995; Martinet et al., 1996; Loo et al., 2002; Papp et al., 2003; 
Descamps et al., 2009; Goodwin 2009). It was assumed that the 
compound may exert a beneficial effect on absence seizures and the 
speed of re-synchronization of various sleep-wake and SWDs rhythms 
by ameliorating sleep disturbances caused by epileptic phenotype of 
WAG/Rij rats and the phase shift, as well as through reduction of 
depressive-like symptoms including changes in sleep-wake parameters 
associated with epileptic activity in this model (van Luijtelaar and 
Bikbaev, 2007, Sarkisova et al., 2010; Sarkisova and van Luijtelaar, 
2011; van Luijtelaar et al., 2012). However neither acute nor chronic 
treatment with agomelatine appeared effective and none of the 
variables investigated in the experiment described in Chapter 5: 
number and duration of SWDs, duration of sleep-wake states and 
speed of re-entrainment after the phase shift was affected by 
agomelatine. 
The ability to regulate sleep and to protect cells from free 
radicals may be reasons why melatonin might be of interest as a 
potential AED. The first attempt to use the hormone in patients was 
undertaken by Anton-Tay in 1971. Melatonin in a dose of 2 mg/day 
was found to reduce seizure frequency and to normalize EEG of patients 
(Anton-Tay et al., 1971; Anton-Tay, 1974). Since then many clinical 
trials as well as basic studies towards potential therapeutic use of 
melatonin in the treatment of epilepsy were conducted. Results 
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however, were contradictory: melatonin either increased (Sheldon, 
1998; Sandyk et al., 1992), had no effect (Ross et al., 2002; Coppola 
et al., 2004; Gupta et al., 2005; Elkhayat et al., 2010) or reduced the 
number of seizures (Fauteck et al., 1999; Peled et al., 2001; Uberos et 
al., 2011; Goldberg-Stern et al., 2012). Regardless of the outcomes, 
in the majority of studies cited above melatonin treatment improved 
sleep parameters, which, considering the negative impact of seizures 
on sleep, appeared beneficial. 
Studies in humans with epilepsy have obviously some 
limitations: the small sample size, the open label design (both the 
researches and participants know which treatment is being 
administered), a presence of additional neurological deficits, AEDs 
mono- or polytherapy. Basic investigations upon potential antiepileptic 
effect of melatonin were conducted mainly on rodent models of 
epilepsy and seizure models. Similarly to the outcomes of clinical trials, 
conflicting results were obtained between and within the various 
models. Melatonin was shown to be effective against seizures induced 
by a wide range of chemical agents: quinolinic acid, N-methyl-D-
aspartate (NMDA), glutamate, kainic acid, pilocarpine, 
pentylenetetrazole (PTZ), and penicillin (Lapin et al., 1998; 
Bikjdaouene et al., 2003; Yildirim and Marangoz, 2006; Lima et al., 
2011; Tchekalarova et al., 2013; Yildirim et al., 2013). An acute, 
anticonvulsive action of the hormone was described as: an increase of 
the latency of the first seizure, a decrease of the duration and intensity 
of the first seizure, attenuation of epileptic activity in general and a 
decline of the mortality rate (Bikjdaouene et al., 2003; Yildirim and 
Marangoz, 2006; Yildirim et al., 2013). Chronic melatonin treatment 
decreased the frequency of seizures occurring spontaneously after 
status epilepticus induced by kainic acid and pilocarpine (Lima et al., 
2011; Tchekalarova et al., 2013). Opposite to these findings, evidence 
suggesting that melatonin exerts no or even pro-convulsive effect has 
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been found as well. Xu and Stringer (2008) reported no significant 
changes of the latency to the forelimb clonus, seizure score or mortality 
rate after melatonin pre-treatment in the PTZ model (Xu and Stringer, 
2008). No changes of the seizure threshold were reported by Mares 
and co-workers in flurothyl model (2013). Aggravation of epileptic 
activity by melatonin was observed in CA1 pyramidal layer of the 
hippocampus in vitro (Musshoff and Speckmann, 2003), while blockage 
of hippocampal MT1b receptors delayed the onset of epileptic activity 
induced by pilocarpine (Stewart and Leung, 2005). Phase-related 
differences regarding the pro-epileptic effect of melatonin were found 
in both studies and diurnal variation in density and sensitivity of 
melatonin and GABAA receptors were speculated to be responsible for 
the phase-related effects observed (Musshoff and Speckmann, 2003; 
Stewart and Leung, 2005). 
The effects of melatonin agonists in epilepsy were assessed with 
two compounds: ramelteon and agomelatine. Ramelteon, registered as 
melatonin-derived drug against insomnia (McGechan and Wellington, 
2005), was found to increase the afterdischarge threshold and a 
decreased afterdischarge duration in hippocampal-kindled rats, as well 
as decrease the frequency of seizures in Kcna 1-null mice, an epilepsy 
model showing spontaneous recurrent seizures. However, doses of the 
compound used in the study: 30 and 100 mg/kg were far above a dose 
of 8 mg/kg recommended for patients dealing with insomnia (Fenoglio-
Simeone et al., 2009). Agomelatine has been tested in the following 
models of epilepsy: PTZ, pilocarpine, picrotoxin, strychnine and 
electroshock model, showing anticonvulsive action only after PTZ and 
pilocarpine administration. Likewise ramelteon, the effective doses 
used in the study: 50 and 75 mg/kg, exceeded the recommended dose 
(25 mg/kg) (Aguiar et al., 2012). 
The failure of agomelatine in preventing the occurrence of SWDs 
in the present study might be attributed to relatively low doses of the 
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drug given to animals both during the acute and chronic experiment. 
As shown above, anticonvulsive effect of melatonin and its analogues 
was achieved by doses far outside physiological or recommended 
therapeutic concentration. Agomelatine in 10 mg/kg, the highest dose 
used in the present study, was however found to provide true 
entrainment of the activity rhythm and to interfere with the sleep-wake 
cycle in rats (Martinet et al., 1996; Descamps et al., 2009). It was 
expected, that the compound would indirectly affect the incidence of 
absence seizures by changes in the level of vigilance (promote sleep) 
in the acute, and promote sleep and accelerate the speed of re-
entrainment in the chronic study. Apart from slightly disadvantageous 
experimental design of the phase-shift experiment (timed stimulation 
of melatonin receptors is more effective in phase advance rather than 
phase delay paradigm), the lack of response to agomelatine might be 
also a result of inter-strain differences in a density of melatonin 
receptors and reactivity of melatonin system in the brain of WAG/Rij 
rats. Significant rat strains differences in the excretion profile of 6-
sulphatoxymelatonin, a melatonin metabolite, plasma and pineal gland 
melatonin concentration, and melatonin binding sites in the SCN have 
been reported (Klante et al., 1999). Also other rodent strains differ in 
the melatonin content (Goto et al., 1989). On the other hand, a 
reduction of the amount of circulating melatonin by pinealectomy was 
found to enhanced epileptogenesis in Wistar rats suggesting, that 
decreased melatonin level may predispose to seizures (de Lima et al., 
2005). Comparative assessment of the melatonin physiology in 
WAG/Rij rats has the potential to answer the following questions: 
whether WAG/Rij rats differ in the melatonin content, receptor density, 
their reactivity and a response to exogenous melatonin receptor 
antagonists. If so, then it is likely that these differences participate in 
the development of epileptic phenotype. Experimental phase advance 
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of the light-dark cycle would additionally extend the knowledge of the 
consequences of circadian disturbances on epileptic activity. 
 
Is the rhythm of absence seizures driven by a common 
or distinct oscillator? 
 
The results of the experiments investigating an endogenous 
character of the rhythm of absence seizures and re-synchronization of 
sleep-wake states and SWDs to the shifted photoperiod raised the 
question about a circadian oscillator governing the rhythm of SWDs. 
Internal desynchronization between the rhythm of absence seizures 
and general motor activity described in Chapter 3 and confirmed in 
Chapter 4 and 5, suggests distinct circadian mechanisms engaged in 
regulation of these processes. Data complemented in Chapter 5 by the 
analysis of four additional sleep-wake states revealed coupling 
between active wakefulness and deep slow-wave sleep, and between 
light slow-wave sleep and SWDs. The outcomes support the presence 
of distinct oscillators for activity/deep slow-wave sleep and absences, 
concurrently linking the latter to light slow-wave sleep. Persisting 
rhythmicity in the occurrence of absence seizures together with 
substantial changes in circadian parameters of the rhythm in constant 
dim light, suggests dependency on the light-entrainable oscillator, the 
SCN. Two well-defined parts of the SCN: ventrolateral and 
dorsomedial, respectively, were found to govern different sleep-wake 
states and behavioral rhythms (Cambras et al., 2007). The 
dorsomedial SCN controls circadian oscillations of REM sleep and core 
body temperature independently of the light-dark cycle information. 
Rhythmic occurrence of motor activity and slow-wave sleep are 
governed by both SCN divisions: dorsomedial and ventrolateral part 
(Cambras et al. 2007). The latter is the recipient of the pathways from 
the retina. Considering the marked contribution of the light-dark cycle 
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to the rhythmic occurrence of SWDs presented in Chapter 3 and SWDs 
- REM disparity in the re-synchronization rate described in Chapter 5, 
it might be assumed that the rhythm of absence seizures is governed 
by both oscillators within the SCN. This assumption places the rhythm 
in a group with active wakefulness and slow-wave sleep. Nonetheless, 
the present results differentiate between these states and SWDs, and 
also between both slow-wave sleep stages. Regarding the hierarchical 
organization of the circadian timing system, it may be speculated that, 
while common in the SCN, mechanisms governing rhythmical 
expression or re-synchronization of rhythms investigated, diverge on 
the level of dependent oscillators. 
The output pathways by which the master circadian pacemaker 
regulates the timing of particular sleep-wake states are not fully 
established. Only the medial preoptic area (MPA), ventrolateral 
preoptic nuclei (VLPO) and orexin-containing neurons in the posterior 
hypothalamus were shown to receive direct projections from the SCN 
(Leak and Moore, 2001; Novak and Nunez, 2000; Chou et al., 2002; 
Abrahamson et al., 2000). Circadian information to the remaining 
sleep-wake regulatory centers conveys through the following relay 
nuclei: the MPA, dorsomedial hypothalamic nuclei (DMH) and 
subparaventricular zone (SPVZ) (Deurveilher and Semba, 2005). 
Among structures directly innervated by the SCN, the VLPO seems to 
be of a particular interest considering the epileptic phenotype of 
WAG/Rij rats. A role of this hypothalamic nucleus in sleep physiology 
is well established (Sherin et al., 1996; Szymusiak et al., 1998; Gaus 
et al., 2002). Region-specificity with regard to two sleep stages was 
found in a study investigating effects of bilateral, cell-specific lesion of 
the VLPO on slow-wave and REM sleep (Lu et al., 2000). Loss of sleep-
positive neurons in VLPO cell cluster correlated positively with a 
decrease of the amount of slow-wave sleep and delta power (Lu et al, 
2000). Such a parallel was not observed with regard to REM sleep 
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reduction, however when dorsal and medial-extended VLPO were 
considered, the correlation between the number of cells and slow-wave 
sleep (and delta) loss became apparent and significant (Lu et al., 
2000). Suntsova and co-workers (2007) reported a functional 
deficiency of the VLPO sleep-promoting system in WAG/Rij rats 
suggesting that absence seizures may develop as a result of insufficient 
sleep initiation mechanisms (Suntsova et al., 2007). As mentioned 
previously, the occurrence of SWDs is strongly and opposed related to 
the occurrence of both slow-wave sleep stages: deep slow-wave sleep 
inhibits absences, while light slow-wave sleep enhances their 
generation (Drinkenburg et al., 1991). Taken this relationship together 
with the slow-wave sleep-specific character of the VLPO and 
insufficiency of the sleep-promoting system within these hypothalamic 
nuclei in WAG/Rij rats, it might be speculated that VLPO is one of the 
potential candidates to host a dependent oscillator for the rhythm of 
SWDs. However, it should be noted that while a lesion of the VLPO 
resulted in a marked decrease in the amount of both slow-wave and 
REM sleep, the circadian rhythm of the remaining sleep was not 
affected (Lu et al., 2000). Thus, there might be some other 
oscillator/oscillators, which impose the rhythmicity on sleep generated 
by the VLPO. 
The DMH and SPVZ are both sites with direct projections to the 
SCN and also sites of efferent projections to the VLPO (Thompson and 
Swanson, 1998; Leak and Moore, 2001; Deurveilher and Semba, 2005; 
Nakamura et al., 2008). The structures are involved in a wide range of 
physiological processes such as feeding, thermoregulation, rest-
activity cycle, autonomic stress responses, corticosteroids secretion 
(Kalsbeek et al., 1996; Bali et al., 2005; Saper et al, 2005; 
Abrahamson and Moore, 2006). A bilateral, neurotoxic lesion of the 
DMH and SPVZ resulted in a marked reduction of circadian rhythms of 
slow-wave sleep, REM sleep, motor activity and body temperature (Lu 
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et al., 2001; Chou et al., 2003). The SCN – DMH/SPVZ – VLPO circuitry 
seems to be a promising option for the search of the circadian oscillator 
governing the rhythm of absence seizures. Taking into consideration 
interactions between SWDs and stress hormones, an involvement of 
the relay nuclei (the DMH, SPVZ) in reactivity to stress and 
corticosteroid secretion is additionally encouraging. 
 
 
 
Figure 1. Schematic representation of the neuronal connections 
between the master circadian pacemaker, the suprachiasmatic nuclei of the 
hypothalamus (SCN) and the ventolateral peoptic nuclei (VLPO) responsible for 
sleep initiation and maintenance. An insufficient sleep-promoting mechanism 
of the VLPO in WAG/Rij rats is linked to the generation of absence seizures 
(Suntsova et al., 2007). Together with slow-wave sleep/REM sleep region-
specificity of the VLPO and the fact that the rhythm of SWDs is linked to the 
rhythm of light slow-wave sleep, the VLPO may be considered as a potential 
oscillator for the rhythm of SWDs. The subparaventricular zone (SPVZ) and 
dorsomedial hypothalamic nuclei (DMH) serve as relay nuclei. Modified from 
Paxinos and Watson, 2007 
 
Future directions 
 
Basic chronobiological approaches such as constant condition 
and phase shift paradigms have been used in the present thesis to 
assess the contribution of the circadian timing system and external 
factors to the occurrence of absence seizures in WAG/Rij rats. The 
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outcomes of the experiments suggest an endogenous character of the 
rhythm of SWDs, the rhythm’s dependency on sleep-wake states and 
photic entrainment; and distinct dependent oscillatory mechanisms 
governing rhythms of various electroencephalographic states. 
Considering the functional complexity of the circadian timing system, 
a multiplicity of factors affecting absence seizures and possible 
interactions between circadian and epileptic mechanisms, the present 
results create more research questions. But not only questions, also 
experimental opportunities to elucidate how the circadian system 
governs the SWD rhythm. Apart from ideas mentioned in the previous 
sections such as implementation of the forced desynchrony protocol, a 
phase advance or various shift work paradigms, and the assessment of 
the functionality of the melatonin system and the SCN - DMH/SPVZ – 
VLPO circuitry in WAG/Rij rats, some other, more applicable and 
patient-oriented studies should be also considered. 
The rhythmic incidence of absence seizures, with well-defined 
timing of the maximum and minimum, seems to be a promising target 
for chronotherapy. The concept is simply to optimize the timing of drug 
administration to obtain the highest therapeutic effect with minimal or 
no adverse effects (Reinberg, 1991; Smolensky and Peppas, 2007; 
Ohdo, 2010). Chronotherapy integrates chronopathology, which deals 
with a circadian modulation of clinical symptoms of diseases, 
chronopharmacology, which comprise of circadian aspects of 
pharmacokinetics and pharmacodynamics and chronotoxicology 
providing information about cyclic changes in drugs toxicity (Kaur et 
al., 2013). 
Chronopharmacological studies towards assessment of 
pharmacodynamics, pharmacokinetics and toxicity of AEDs with 
respect to circadian rhythmicity have been undertaken, mostly with 
valproic acid, an effective AED for various seizure types, including 
absence seizures (Meinardi et al., 1975; Patel et al., 1982; Klotz and 
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Reimann, 1984; Nakano et al., 1984; Shirkey et al., 1985; Theisohn et 
al., 1989; Yoshiyama et al., 1989; Ohdo et al., 1991; Ohdo et al., 
1992; Reith et al., 2001; Ben-Cherif et al., 2012; Ben-Cherif et al., 
2013). Time-of-day differences with regard to absorption, metabolism, 
distribution, elimination, toxicity and efficacy of AEDs have been found. 
Attempts to implement the principles of chronopharmacotherapy in 
treatment of seizures have been undertaken and described in two 
studies to date. Yegnanarayan and co-workers (2006) showed the 
efficacy and safety of chronotherapy in patients with tonic-clonic 
seizures who either did not respond to standard doses of phenytoin or 
carbamazepine, or showed serum concentrations of these AEDs above 
a safe and acceptable level (Yegnanarayan et al., 2006). Improved 
seizure control obtained by an adjustment of the timing of 
administration of AEDs with a constant total dose of medications in 
patients with nocturnal and early-morning seizures has been reported 
(Guilhoto et al., 2011). Both studies support the idea that the fine-
tuned timing of drugs administration with respect to the occurrence of 
seizures may help to achieve good control of epilepsy and minimize 
adverse side effects. 
A pronounced contribution of the circadian timing system to the 
occurrence of absence seizures in WAG/Rij rats, well-defined 
relationship between SWDs and sleep-wake states and susceptibility of 
the rhythm to phase-shifts makes the model a valuable tool in 
chronopharmacologcial research of anti-absence medications, complex 
relationships between systems involved in seizures generation, 
circadian rhythmicity and drugs metabolism; and from a more 
applicable point of view: an optimal drug administration schedule. 
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English summary 
 
Rhythm in the occurrence of absence seizures in WAG/Rij rats, 
its origin and interactions with different factors comprise the topic of 
the present thesis. The experiments described were aimed to answer 
the question whether the rhythm of SWDs is generated endogenously 
by the circadian timing system and how the rhythm synchronizes to 
the most powerful circadian Zeitgeber, the light-dark cycle. Other 
questions regarded the temporal relationship between SWDs and 
sleep-wake states, and to which of the sleep-wake rhythms absences 
are coupled to; finally, whether the melatonin agonist agomelatine is 
able to influence both SWDs themselves and their rhythm. The thesis 
provides an insight into circadian aspects of the occurrence of absence 
seizures, it allows also some predictions about behavior and frequency 
of absences during regular conditions and during a circadian challenge 
such as internal desynchronization. 
Chapter 1 provides general information from the field of 
chronobiology including time ranges of physiological processes and 
overview of the mammalian circadian timing system with an emphasis 
on the pineal hormone melatonin. Examples of 24-h variation in 
symptoms of common diseases are presented. Next, a general 
introduction to epilepsy with a particular focus on childhood absence 
epilepsy and non-random patterns of seizures occurrence is given. The 
Chapter provides a brief description of various rodent models of 
childhood absence epilepsy concentrating subsequently on the WAG/Rij 
strain of rats. The experiments were performed in rats of this strain: 
the WAG/Rij model is considered as one of the best characterized and 
validated models. The aims and outline of the thesis are given at the 
end of the Chapter. 
In Chapter 2, different, phase-related temporal relationships 
between SWDs and five sleep-wake states (active wakefulness, passive 
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wakefulness, light and deep slow-wave sleep, REM sleep) were 
described. The course of epileptic activity and vigilance states was 
investigated across 24 h, as well as separately for the light and the 
dark phase of the 12:12 light-dark cycle. Temporal relationships 
between the five EEG behavioral states and SWDs were assessed by 
means of correlation and cross-correlation analyses. Differences with 
regard to the data resolution and the phase of the photoperiod were 
found. SWDs correlated negatively with deep slow-wave sleep and 
positively with active wakefulness. An increase in the resolution of the 
data from 1h to 0.5 min was accompanied by a decrease in the strength 
of the correlations; this was interpreted as the result of decreased 
temporal relationship between variables. The character of the 
relationships appeared to be phase-dependent: unidirectional in the 
light phase and bidirectional in the dark phase, which suggests 
different regulatory mechanisms governing the temporal organization 
of sleep, wakefulness and absence seizures. 
The endogenous character of the rhythm of SWDs is 
demonstrated in Chapter 3. WAG/Rij rats, kept initially in 12:12 light-
dark cycle, were deprived of this potent circadian Zeitgeber by 
changing the light regime into constant dim light (20 days). The 
presence of circadian rhythms in the occurrence of SWDs and general 
motor activity in both experimental conditions was assessed by the 
Cosinor method. Additionally, sleep-wake states preceding and 
following SWDs were identified to establish whether the well-known 
relationship between SWDs and sleep-wake states is influenced by the 
circadian timing system. Both rhythms were detected in the constant 
dim light conditions, however, their parameters changed substantially. 
Although still present, the rhythm of SWDs lost some of its organization 
which emphasized the role of the photic entrainment in the timed 
occurrence of SWDs. Internal desynchronization between SWDs and 
general motor activity was found suggesting that the rhythms are 
221 
controlled by different, dependent circadian mechanism. The 
relationship between SWDs and sleep-wake states established 
previously was not affected in the constant dim light condition. 
The matter of internal desynchronization and dependent 
oscillators governing rhythms of absence seizures and sleep-wake 
states is further investigated in Chapters 4 and 5. Chapter 4 describes 
the process of resynchronization of the rhythms of SWDs and general 
motor activity in WAG/Rij rats subjected to an 8 h light phase delay. 
Differences regarding the speed and character of re-entrainment were 
found. After immediate advance, the acrophase of the general motor 
activity rhythm gradually reached its pre-shift position on the seventh 
post shift day, whereas the resynchronization of the rhythm of SWDs 
lasted one day longer and was discontinuous. Internal 
desynchronization between the rhythms was accompanied by an 
increase in the number and duration of SWDs; this increase occurred 
exclusively in the new light phase.  
To get a detailed insight into the resynchronization process of 
the rhythm of SWDs and to identify factors responsible for aggravation 
of epileptic activity, analysis of four remaining sleep-wake states was 
added to the study described in Chapter 5. Additionally, an attempt to 
alleviate negative consequences of internal desynchronization was 
undertaken by timed administration of a melatonin agonist 
agomelatine. The procedure of the phase shift was identical as 
presented in Chapter 4. WAG/Rij rats were subjected to the 8 h light 
phase delay, after which the resynchronization process of the whole 
sleep-wake cycle was investigated for 10 days. Different speed of re-
entrainment and coupling between various rhythms was found. The 
rhythm of SWDs resynchronized together with the rhythm of light slow-
wave sleep, whereas they uncoupled from the active wakefulness - 
deep slow-wave sleep pair. Again, an increase in the number and 
duration of SWDs was noted, explained by post shift changes in the 
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amount of passive wakefulness and deep slow-wave sleep. As 
previously established and confirmed in the chapters of this thesis, 
passive wakefulness, contrary to deep slow-wave sleep, is the most 
favorable state of vigilance for the occurrence of SWDs. The melatonin 
agonist agomelatine had no effects on sleep-wake parameter. Next, 
the timed administration of agomelatine failed to improve the speed of 
re-synchronization, it showed also no effect on SWDs during condition 
of entrainment to the 12:12 light-dark cycle. 
The thesis ends with Chapter 6, in which all experimental results 
are evaluated and critically discussed in the view of the main questions 
addressed in this thesis. It is concluded that the rhythm of SWDs is 
generated endogenously by the circadian timing system rather than it 
is imposed by the presence of the light-dark cycle. However, this potent 
Zeitgeber, has a great impact on the organization of the SWD rhythm. 
Disturbances in the photic entrainment, either chronic (the constant 
dim light condition) or acute (phase shift) result in internal 
desynchronization between the rhythm of SWDs and sleep-wake 
states, which in turn lead to an increased epileptic activity. The 
presence of a stable light-dark cycle is an important factor contributing 
to the occurrence of SWDs, so does the momentary state of vigilance. 
Apart from momentary relationships, SWDs and sleep-wake states are 
temporally related. This new finding implies that the duration of 
particular sleep-wake states can be used as a predictor of the duration 
of SWDs. While the momentary relationships are constant across the 
conditions of entrainment and during free-running state of the 
circadian timing system, temporal relationships between sleep-wake 
stages inclusive SWDs during entrainment are modulated by the phase 
of the light-dark cycle. 
SWDs are particularly related to both slow-wave sleep stages, 
which is especially apparent during the resynchronization process after 
the phase shift in the 12:12 light-dark cycle. The rhythm of SWDs re-
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entrains together with light slow-wave sleep, while marked increase in 
the number and duration of absence seizures observed after the phase 
shift may be attributed to a reduction in the amount of deep slow-wave 
sleep. Another factor investigated in the thesis, a melatonin agonist 
agomelatine was found ineffective in influencing SWDs, both in the 
acute and chronic study, as well as directly and indirectly through 
sleep-wake states or through interactions with the serotonin system. 
Results of the experiments described in the thesis generate a 
number of research questions regarding chronobiological aspects of the 
occurrence of epileptic seizures. Potential directions of the future 
studies are presented at the end of Chapter 6. 
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Nederlandse samenvatting 
 
Ritmiek in de aanwezigheid, de oorsprong en 
omgevingsinteracties van absence seizures (aanvallen), zoals die bij 
WAG/Rij ratten voorkomen, is het onderwerp van dit proefschrift. De 
beschreven experimenten hebben als doel om de vraag te 
beantwoorden of het ritme van de piekgolf ontladingen (PGO’s), 
typerend voor deze aanvallen endogeen opgewekt wordt en hoe het 
ritme gesynchroniseerd wordt aan de meest krachtige circadiane 
Zeitgeber, de licht donker cyclus. Andere vragen betreft de temporele 
relatie tussen PGO’s en de slaap-waak stadia, en aan welk van de 
slaap-waak ritmes het ritme van PGO’s gekoppeld is; tenslotte, of de 
melatonine agonist agomelatine een effect heeft op de aanwezigheid 
van PGO’s zelf, op het ritme van PGO’s en op de slaap-waak stadia. Dit 
proefschrift geeft inzicht in de circadiane aspecten in het optreden van 
de aanvallen, het geeft een paar voorspellingen over eigenschappen 
en de frequentie van de aanvallen tijdens normale omstandigheden en 
tijdens een aangebrachte verstoring zoals het geval is bij interne 
desynchronisatie. 
Hoofdstuk 1 geeft algemene informatie uit het domein van de 
chronobiologie inclusief de tijdvensters waarin fysiologische processen 
zich herhalen en een overzicht van het circadiane tijd systeem van 
zoogdieren met een nadruk of het pijnappelklier hormoon melatonine. 
Voorbeelden van 24 uur variatie in symptomen van veel voorkomende 
ziektes worden gegeven. Vervolgens wordt het onderwerp epilepsie 
ingeleid, met de nadruk op  absence epilepsie, zoals dat bij kinderen 
voorkomt (childhood absence epilepsy, CAE) en op de niet-willekeurige 
aanwezigheid van de aanvallen bij deze kinderen. Het hoofdstuk geeft 
verder een korte beschrijving van de verschillende knaagdier modellen 
van CAE waarbij vervolgens de nadruk ligt op het WAG/Rij ratten 
model. De experimenten zijn uitgevoerd met dit ratten van deze stam: 
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het WAG/Rij model is een van de best getypeerde en gevalideerde 
modellen. De vraagstellingen en de verdere opzet van het proefschrift 
worden aan het eind van het hoofdstuk gepresenteerd. 
In hoofdstuk 2 werden verschillende, fase gerelateerde 
temporele relaties tussen absences enerzijds en de vijf slaap-waak 
stadia (actieve waakzaamheid, passieve waakzaamheid, lichte en 
diepe („slow wave”) slaap en REM-slaap) anderzijds beschreven. Het 
verloop van de  epileptische activiteit en de vijf stadia werd onderzocht 
over 24 uur, alsmede afzonderlijk voor de licht en de donker fase van 
de ieder durende 12:12 licht-donker cyclus. Temporele relaties tussen 
de verschillende EEG-gedrag gedefinieerde stadia en de PGO’s werden 
bepaald met behulp van correlatie en kruis-correlatie analyses. Er 
werden verschillen gevonden betreft de gegevensresolutie en de fase 
van de fotoperiode. Negatief gecorreleerd met PGO’s is diepe slow-
wave slaap terwijl actief waakzaamheid en PGO’s  positief gecorreleerd 
zijn. Een verhoging van de resolutie van de gegevens van 1 uur tot 0,5 
min ging gepaard met een daling van de sterkte van de correlaties; dit 
werd geïnterpreteerd als het resultaat van verminderde temporele 
relatie tussen de stadia. Het karakter van de relaties bleek fase-
afhankelijk te zijn: unidirectioneel in licht periode en bidirectioneel  in 
het donker. Dit suggereert dat er in deze twee periodes verschillende 
regulerende mechanismen zijn voor de temporele organisatie van 
slaap, wakker zijn en PGO’s. 
Het endogene karakter van het ritme van PGO’s wordt in 
Hoofdstuk 3 aangetoond. WAG/Rij ratten, die aanvankelijk in een 24h 
12:12 licht-donker cyclus gehuisvest werden, werden van hun 
krachtige circadiane Zeitgeber beroofd door hen gedurende 20 dagen 
in constant gedimd licht te houden. De aanwezigheid van circadiane 
ritmes van PGO’s en van algehele motorische activiteit in zowel de 
eerste als in de tweede periode werd bepaald met behulp van de 
Cosinor methode. Ook werden de slaap-wake stadia voorafgaand en 
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na afloop van de PGO’s bepaald teneinde vast te stellen of de bekende 
relatie tussen PGO’s en de vijf slaap-waak stadia beinvloed werd door 
het circadiaanse tijd sysyeem. Beide ritmes werden gedetecteerd 
tijdens de standaard huisvesting, de 12-12 periode, als tijdens de 
constante schemerige lichtomstandigheden.  Echter, de parameters 
van de ritmes waren wezenlijk verschillend. Hoewel nog steeds 
aanwezig, het ritme van PGO’s verloor wat van zijn strakke temporele 
organisatie en dit  benadrukt de rol van licht in het beinvloeden van 
het door het endogene ritme opgelegde en daardoor getimde optreden 
van de PGO’s. Interne desynchronisatie tussen PGO’s en algehele 
motorische activiteit werd gevonden; dit suggereert dat de ritmes 
worden gecontroleerd door verschillende, afhankelijk circadiane 
mechanismes. De relatie tussen PGO’s en de vijf slaap-waak stadia, 
zoals die eerder was vastgesteld, werd niet differentieel beïnvloed in 
de constante schemerige lichtomstandigheden. 
De kwestie van de interne desynchronisatie en afhankelijkheid 
van de oscillatoren die verantwoordelijk zijn voor de ritmes van de 
aanvallen en slaap-waak toestanden,  werd verder onderzocht in de 
hoofdstukken 4 en 5. Hoofdstuk 4 beschrijft het proces van 
resynchronisatie van de ritmes van PGO’s en algehele motorische 
activiteit in WAG/Rij ratten die blootgesteld werden aan een 8 uur fase 
verlenging van de licht periode (phase vertraging). Er werden 
verschillen in snelheid en aard van de resynchronisatie gevonden. De 
acrophase van het algehele motorische activiteit ritme verschoof 
geleidelijk en bereikte zijn pre-shift positie op de zevende dag na de 
verschuiving. De  resynchronisatie van het ritme van PGO’s duurde een 
dag langer en was discontinu. Interne desynchronisatie tussen de 
ritmes werd vergezeld door een toename van het aantal en de duur 
van de PGO’s, deze toename vond exclusief plaats in de nieuwe licht 
periode. m tot een gedetailleerd inzicht in het resynchronisatie proces 
van het ritme van PGO’s te kunnen komen en om factoren, die 
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verantwoordelijk zijn voor de toename van het aantal aanvallen te 
kunnen identificeren, werd het experiment bij een nieuwe groep dieren 
herhaald en zijn de ook de niet eerder geanalyseerde slaap-waak stadia 
meegenomen en geanalyseerd, de studie is beschreven in Hoofsdtuk 
5. Daarnaast is onderzocht of de negatieve gevolgen van interne 
desynchronisatie verlicht kunnen worden door de herhaalde en 
getimede toediening van de melatonine agonist agomelatine. De 
procedure van de faseverschuiving was identiek aan die welke 
gepresenteerd is in hoofdstuk 4. Naïeve WAG/Rij ratten werden 
wederom onderworpen aan de 8 uur fase vertraging en het 
resynchronisatie proces van de hele slaap-waak cyclus werd gedurende 
10 dagen onderzocht. Verschillende snelheid van re-synchronizatie en 
koppelingen tussen verschillende ritmes werden gevonden. Het ritme 
van PGO’s was gesynchroniseerd aan het ritme van lichte „slow-wave” 
slaap, terwijl het PGO ritme juist losgekoppeld was van het gepaarde 
ritme van actief waakzaakheid en diepe „slow-wave” slaap. Er werd 
wederom een toename van het aantal en de duur van de PGO’s 
opgemerkt: dit kon worden toegeschreven worden aan de toename in 
de hoeveelheid passief waakzaamheid en de afname in diepe „slow-
wave” slaap.  Zoals eerder vastgesteld en bevestigd in de hoofdstukken 
van dit proefschrift, passief waakzaamheid is, in tegenstelling tot diepe 
„slow-wave” slaap, de toetand die het meest gunstig is voor het 
optreden van PGO’s. De melatonine agonist agomelatine had noch een 
effect op de slaap-waak parameters, noch op de snelheid van het 
resynchronisatie proces, noch op het aantal PGO’s tijdens de 10 daagse 
meting volgend op de fase verschuiving. 
Het proefschrift eindigt met Hoofdstuk 6, hier worden alle 
experimentele bevindingen geevalueerd en tegen het licht gehouden 
tegen de achtergrond van de belangrijkste vragen zoals die in de 
inleiding geformuleerd zijn. Geconcludeerd wordt dat het ritme van 
PGO’s endogeen bepaald wordt en niet opgelegd wordt door de 
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afwisseling van licht en donker. Deze krachtige Zeitgever heeft echter 
veel impact op de organisatie van het ritme: verstoringen in de vorm 
van de afwezigheid van deze Zeitgeber, zowel chronisch (tijdens de 
constante schemer conditie) of acuut (in de twee fase verschuivings 
experimenten) hadden altijd interne desynchronizatie tussen de ritmes 
van PGO’s en de slaap stadia tot gevolg, dat op zijn beurt weer 
aanleiding gaf tot een toename van het aantal aanvallen. De constante 
aanwezigheid van de licht-donker cyclus is daarom een belangrijke 
factor die bijdraagt aan de aanwezigheid van PGOs, alsmede het 
momentane  slaap-waak stadium. 
De slaap-waak stadia en PGO’s zijn op twee manieren met 
elkaar verbonden: naast de momentane preferentie van PGO’s op 
vooral tijdens passief waakzaamheid voor te komen, is een nieuwe 
bevinding dat de duur van de verschillende slaap-waak stadia gebruikt 
worden als een voorspeller van de duur van PGOs. Terwijl de 
momentane relaties tussen PGO’s en de slaap stadia altijd hetzelfde 
zijn, ongeacht of het in  base-line condities  of constant schemer 
betreft, de temporele relaties tussen de slaapstadia onderling inclusief 
die met PGO’s gedurende entrainment worden gemoduleerd 
afhankelijk van of het licht of donker is. 
PGO’s zijn met enige nadruk gekoppeld aan zowel lichte and 
diepe „slow-wave” slaap, hetgeen vooral nog eens extra benadrukt 
wordt tijdens het resynchronisatie proces na de fase vertraging in de 
12:12 licht-donker  cyclus. Het ritme van PGO’s loopt tijdens dit 
resynchronisatie proces in de pas met het ritme van lichte „slow wave” 
slaap, terwijl de pregnante toename in het aantal PGO’s na de fase 
verschuiving toegeschreven kan worden aan de afname in de diepe 
„slow-wave” slaap. Een andere vraag die in het proefschrift onderzocht 
is, is of de melatonine agonist agomelatine effectief is in het 
beinvloeden van slaap, PGO’s en de aanpassing na verstoringen. Zowel 
in de acute als in de chronische studie werden geen directe of indirecte 
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effecten vastgesteld op slaap-waak parameters, of via interakties met 
het serotonine systeem. 
Tenslotte, de resultaten van de experimenten beschreven in het 
proefschrift genereren een aantal onderzoeksvragen over 
chronobiologische aspecten van het optreden van epileptische 
aanvallen. Mogelijke richtingen van toekomstig onderzoek worden op 
het einde van Hoofdstuk 6 gepresenteerd. 
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Kaiserem pozwoliły nam się spotkać i przedyskutować czy i dlaczego 
warto badać napady nieświadomości pod kątem chronobiologicznym. 
Dziękuję Ci za zorganizowanie wszystkiego. Dziękuję za krytyczne 
recenzje naszych manuskryptów i niezłomną walkę z chaosem w nich 
zawartym. Dziękuję za te wszystkie pytania „dlaczego” i „jak”. Dzięki 
Tobie nauczyłam się lepiej „sprzedać” swoje pomysły i wyniki 
słuchaczom i czytelnikom. Dziękuję za przedstawienie mnie fajowym 
młodym psychologom, z którymi dzieliłam budynek w Krakowie, a z 
którymi, nie wiedzieć czemu, nie zamieniłam wcześniej ani słowa. Z 
niektórymi z nich, a mianowicie z Wiolą Walentowską, Mirkiem 
Wyczesanym i Kubą Szewczykiem dzieliłam potem żywot studenta 
Uniwersytetu Radboud w Nijmegen. 
Drogi Pim’ie jestem bardzo wdzięczna za szansę pobytu w 
Janssen’ie oraz Twoje wsparcie. Jestem pełna podziwu dla sposobu, w 
jakim radzisz sobie z tym szalonym nawałem obowiązków. Jeszcze 
bardziej doceniam więc, że znalazłeś czas na nasz projekt. Bycie 
częścią Twojego zespołu to wspaniałe doświadczenie. Proszę, przekaż 
moje ukłony członkom Department of Neuroscience, Janssen R&D, z 
którymi miałam przyjemność pracować. 
Droga Saskia (Menting-Hermeling), Heidi (Huysmans) oraz 
Hans’ie (Krijnen) dziękuję za pomoc w przygotowaniu i 
przeprowadzeniu doświadczeń. Nie dałabym sobie rady bez waszych 
niesamowitych umiejętności. Duże „dziękuję” oraz uściski wędrują do 
moich techników-magików: Gerard’a van Oijen, Pascal’a de Water i 
Dirk’a Nuyts, którzy wyczyniali ze sprzętem i oprogramowaniem takie 
cuda, jakich nigdy do końca nie ogarnę. 
Droga Rodzino, nigdy nie miałaś wyboru – musisz mnie kochać 
z definicji ;). Jestem jednakże świadoma, jak trudne to zadanie. Z tego 
miejsca chciałabym podziękować Wam za tą całą miłość, cierpliwość i 
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zrozumienie, którymi mnie obdarzyliście. Aguniu, Lucjanie, Olusiu, 
ciociu Halinko i wujku Marianie, podczas moich studiów doktoranckich 
dane Wam było zaobserwować szeroką gamę ekstremalnych 
zachowań: od szalonego szczęścia przez wściekły gniew do 
beznadziejnej depresji. Możecie pomyśleć, że wybrałam trudną drogę. 
Wybrałam. Nauka to nie bułka z masłem (prawda Wujku Inżynierze?), 
ale dzięki Wam wiem, kim jestem i wiem, że zawsze dam sobie radę. 
Dziękuję za wolność wyboru i akceptację dla wszystkich moich 
wyborów, szczególnie dla tych, z którymi Wam nie po drodze. Dziękuję 
za prawo do popełniania swoich własnych błędów i za naukę z nich 
płynącą. Dziękuję, że jesteście przy mnie. Zawsze. 
Moje drogie dziewczęta: Beciu, MES i Pati (kolejność 
alfabetyczna – kocham Was jednakowo), jak to mawia dzisiejsza 
młodzież, jesteście moimi BFF. Dziękuję za Waszą obecność, 
cierpliwość i dobroć, za dzikie melanże i ocean alkoholu wypity razem. 
My dziewczyny uwielbiamy dużo mówić. Dziękuję za wszystkie 
rozmowy, a szczególnie te, w których znacznie się różniłyśmy. 
Oczywiście, doceniam i ploteczki. Posiadacie niesamowitą super moc 
radzenia sobie ze mną w momentach, w których nawet ja sama nie 
mogę siebie znieść. Posiadanie takich przyjaciółek jak Wy to zaszczyt 
– dobrze jest być mną :). 
Drogi Dirk’u, czas mija nieubłaganie, ale nadal pamiętam moje 
2 - 3 pierwsze lata w Nijmegen. Cóż za wspaniały, intensywny czas. 
Dziękuję za pokazanie mi kilku fajowych miejsc w Holandii oraz za 
najlepsze wrażenie odnośnie holenderskich dżentelmenów. Zawsze 
mnie wspierałeś i zawsze we mnie wierzyłeś. To wiele dla mnie 
znaczyło. 
Pati i Dirk’u dziękuję za towarzyszenie mi podczas obrony. 
Właściwi ludzie na właściwym miejscu – nie mogłam pomyśleć o nikim 
innym. 
243 
Droga Margo, Emanuel’u Valerio, Serhiy, Rustam’ie i Jeroen’ie 
– moja kochana drużyno z Nijmegen, dziękuję za wspólny czas i te 
wszystkie szalone momenty, które pozostaną ze mną do końca życia. 
Uczyniliście mój pobyt w mieście naprawdę odlotowym. Szczególnie 
doceniam Wasze otwarte umysły i ramiona zawsze gotowe, aby się na 
nich wypłakać. Margo, zapewne zdajesz sobie sprawę ze swojego 
wkładu emocjonalnego, ale czy wiesz jak przyczyniłaś się do powstania 
tej pracy? Za każdym razem, kiedy rozpoczynałam pisanie (co, jak 
wiadomo, nie jest moją ulubioną czynnością) słyszałam naszą 
rozmowę: 
- Napisałam wstęp! 
- Gratulacje Margo! 
- nie, nie… słowo „wstęp” 
Dzięki temu proces pisania stawał się odrobinę bardziej znośny. 
Drogie Aniołki Gilles’a: Annika, Lili, Mehrnoush i Valerio. 
Wspaniale było być częścią naszego teamu. Dziękuję za dzielenie 
pokoju, pomysłów, technicznego know-how, ton czekolady, ciastek i 
kwaśnych cukierków. Tęsknię za momentami, w których śmialiśmy się 
tak mocno, że musieliśmy iść do domów, bo jakakolwiek praca była 
niemożliwa. 
Drodzy Biopsycholodzy z Nijmegen, żałuję, że nie mogę 
teleportować się do Waszego stolika kawowego codziennie. Dziękuję 
za ciepłe powitania z okazji moich wizyt w Donders’ie. Doceniam 
przyjazną atmosferę i nieocenioną pomoc w sprawach zawodowych jak 
również tych poza zawodowych. 
Drodzy Neurofizjolodzy i Chronobiolodzy z Krakowa, zaszczytem 
było, i jest nadal, dzielenie z Wami miejsca pracy. Jak potwierdzają 
inne zazdrosne zakłady, nasz lab to szczególne miejsce. Szczególne, 
ponieważ to właśnie Wy tworzycie niepowtarzalny klimat z idealną 
równowagą pomiędzy nauką a życiem towarzyskim. Z Wami sukces 
smakuje lepiej, porażki bolą mniej. 
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Droga rodzino Huber i Lagrange, dzięki Wam czułam się w 
Nijmegen i Vosselaar jak w domu. Samotny pobyt za granicą nie był 
taki straszny wiedząc, że jesteście w pobliżu. Dziękuję za 
wyrozumiałość dla polskiej dziewczyny, która poza ciężką pracą 
oczywiście, dużo imprezowała, spała do południa, piła herbatę zamiast 
wody do obiadu i miała problemy z otwieraniem drzwi garażowych, aby 
zaparkować rower w środku ;). 
Ostatni, ale nie mniej ważni, Panie Mosiu i Zdzisławo, dziękuję 
Wam za pokazanie mi, iż życie nie polega jedynie na przeprowadzaniu 
doświadczeń i pisaniu artykułów. Zwykłe, codzienne rzeczy takie jak 
pełna lodówka, wygodne łóżko i ręka chętna do głaskania są równie 
ważne. Dzięki za pokazanie mi w praktyce jak działa oscylator 
nastawiany pokarmem i jak bodźce socjalne nastawiają zegar 
biologiczny. To są prawdziwe nauki przyrodnicze! 
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